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PREFACE 


One  of  the  earliest  and  most  traditional  of  the  Coast  Guard's 
functions  is  Search  and  Rescue  (SAR).  The  SAR  program  objective, 
stated  simply,  is  to  minimize  loss  of  life,  injury  and  property 
damage  by  rendering  aid  to  persons  and  property  in  distress  on, 
over  and  under  the  high  seas  and  waters  under  the  jurisdiction  of 
the  United  States. 


This  report  addresses  the  design,  testing  and  demonstration  of 
a VHF-FM  EPIRB  which  provides  the  functions  necessary  to  provide 
quick  and  reliable  distress  alerting  and  locating  with  a minimum 
interference  to  other  communications  in  the  coastal  maritime  region. 
The  primary  result  of  this  program  consists  of  a recommended  set 
of  operating  parameters  for  a VHF-FM  EPIRB.  These  are: 


1.  An  EPIRB  output  power  of  one  watt  will  provide  highly 
reliable  receiption  at  a range  of  20  nautical  miles. 

2.  The  recommended  El  R modulation  consists  of  a two-tone 
FSK  signal.  The  tones  used  are  1300  Hz  and  2200  Hz.  Each 
transmission  consists  of  a short  (1-2  second)  burst  of 
tones  on  Channel  16,  followed  by  a longer  (15  second) 
burst  on  Channel  15  after  which  the  Channel  16  transmis- 
sion repeats. 


3.  The  EPIRB  can  be  equipped  to  transmit  low  hit  rate  (eight 
bits  per  second)  digital  data  on  Channel  15.  Such  data 
transmission  can  be  used  to  provide  features  such  as  user 
identification  and  nature  of  distress. 

It  is  the  author's  belief  that  a VHF-FM  EPIRB  will  be  highly 
effective  in  reducing  time  of  SAR  alerting  and  location  of  re- 
creational boats  in  distress.  Further,  evaluation  of  the  avail- 
able technology  indicates  that,  the  quantity  of  cost  of  such  a 
device  will  be  approximately  $100.00,  and  possibly  less.  Wide- 
spread use  of  such  an  EPIRB  will  make  the  marine  environment  a 
safer  place  in  which  to  operate. 

The  authors  of  this  report  are  Peter  D.  Engels  and  Charles  J. 
Murphy  of  TSC  and  Howard  Salwen  of  Proteon  Associates,  Inc. 
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INTRODUCTION 


The  U.S.  Coast  Guard  in  seeking  improvements  in  search  and 
rescue  (SAR)  capability  seeks  to  (1)  reduce  the  emergency  notifica- 
tion (alerting)  time  for  the  commercial,  military,  and  general 
boating  public,  and  2)  provide  the  capability  of  detecting  and 
locating  the  distress.  Many  areas  addressing  the  SAR  mission  have 
been  accomplished  but  insufficient  detailed  analysis  has  been  done 
to  provide  a system  approach  integrating,  in  an  inexpensive  manner, 
distress  alerting  with  position  location.  Presently  the  Coast 
Guard  is  actively  pursuing  the  regulatory  actions  necessary  to 
allow  carriage  of  an  Emergency  Position  Indicating  Radio  Beacon 
(EPIRB)  compatible  with  the  maritime  VHF-FM  system  by  ships  and 
boats  operating  within  the  radio  coverage  of  the  National  VHF-FM 
Distress  System. 

This  report  addresses  the  design,  development  and  test  of  an 
EPIRB  which  provides  the  functions  necessary  to  provide  quick  and 
reliable  distress  alerting  with  a minimum  of  interference  to  other 
VHF  communications . In  order  to  ensure  this  capability,  the  EPIRB 
possesses  the  following  features: 

1)  Relatively  high  power  output  (1  watt)  to  ensure  reception 
at  shore  stations  within  20  nautical  miles. 

2)  Transmission  occuring  sequentially  on  Channels  16  and  15. 

A short  (1-2  second)  burst  of  signal  on  Channel  16  is  fol- 
lowed by  a longer  (10-15  second)  burst  on  Channel  15. 

3)  A highly  recognizable  tone  modulation  consisting  of  the 
international  distress  tones  at  1300  and  2200  hertz,  al- 
ternating four  times  per  second. 

4)  Provision  for  detection  of  simultaneous  multiple  EPIRBs. 
This  capability  is  provided  by  terminating  RF  transmission 
following  each  sequence  of  Channel  16  and  Channel  15 
transmission,  for  a time  equal  to  twice  the  total  RF  trans- 
mission time. 

5)  A flexible  prototype  design  that  allows  for  such  desirable 
features  as  variable  duty  cycle,  data  transmission 
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for  identification  or  distress  situation  encoding  and 
automatic  turn-off  after  a pre-set  time. 

In  addition  to  the  above  EPIRB  features,  an  automated  EPIRB 
receiver  was  designed  and  built  as  part  of  this  program.  This 
receiver  continuously  monitors  Channel  IS.  The  Channel  15  signal 
is  automatically  detected  and  decoded  so  as  to  generate  an  alarm 
whenever  the  alert  signal  occurs. 

The  EPIRB  itself  is  packaged  in  a manner  similar  to  commercial- 
ly available  EPIRBS  operating  on  121.5/243  Ml  1 z . In  particular,  the 
EPIRB  electronics  and  power  supply  can  be  mounted  in  a cylindrical 
container  which  is  approximately  3 inches  in  diameter  and  18  inches 
long.  Furthermore,  it  is  anticipated  that  the  production  costs  of 
the  VI1F  marine  EPIRB  will  be  comparable  to  that  of  the  121.5/243 
MHz  EPIRB  since  both  systems  can  employ  similar  mechanical  struc- 
tures, antennas,  VHF  electronics,  and  battery  power  sources.  One 
of  the  essential  differences  between  the  EPIRB  discussed  in  this 
report  and  the  existing  EPIRBS  is  found  in  the  modulation  design. 

The  objective  of  the  modulation  design  effort  for  the  EPIRB  is  to 
create  a modulation  format  which  provides  audible  alerting  for 
the  unsophisticated  user  and  which  provides  growth  potential  for 
future  systems  which  can  employ  completely  automated  digital  sig- 
nal processing  techniques  for  distress  alerting,  vessel  identifi- 
cation, direction  finding,  and  homing. 

The  features  provided  in  this  EPIRB  result  in  a design  which 
can  benefit  from  the  latest  integrated  circuit  technology.  They 
may  be  added  to,  or  deleted  as  desired  in  a simple  fashion  so  as 
to  optimize  the  trade-off  of  cost  versus  desired  performance. 
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DESIGN  CONSIDERATIONS 
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Certain  factors  are  critical  to  the  design  of  this  EPIRB. 

In  the  intended  mode  of  operation,  it  may  be  floating  at  the  sur- 
face of  the  ocean,  and  must  transmit  a signal  which  can  be  reliab- 
ly received  at  a shore  station  up  to  20  nautical  miles  distant, 
which  may  have  an  antenna  height  of  200  feet  or  less.  The  criti- 
cal parameters  then  become: 

a)  Height  of  transmitting  and  receiving  antennas 

b)  Propagation  characteristics 

c)  Operating  frequency  and  channel  usage 

d)  Type  of  signal  modulation  (and  its  resultant  reception 
technique) 

e)  The  EPIRB  antenna  design 

These  will  now  be  discussed  in  more  detail. 


2.1  ANTENNA  HEIGHT 

Since  this  system  is  essentially  a line  of  sight  communica- 
tions system,  reception  range  is  primarily  defined  by  geometric 
line  of  sight  conditions.  This  condition  is  defined  by  the  expres- 
sion 

1/2 

(2hr)  (1)  (2-1) 

d = distance  in  statute  miles 
h = transmit  antenna  height  (ft.) 
hr  = receive  antenna  height  (ft.) 

In  the  proposed  system,  we  assume  that  the  transmitting  (EPIRB) 
antenna  is  located  on  the  surface  of  the  earth  (or  ocean)  so  that 
ht  = 0.  Then 

<1  = C2hr) 1/2  (2-2) 
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1/2 

d = (2ht) 


Figure  2-1  shows  this  relationship.  As  seen  from  this  figure,  geo- 
metric line  of  sight,  for  a range  of  20  nautical  miles,  requires 
an  antenna  height  of  approximately  265  feet. 

Figure  2-2  is  a plot  which  shows  the  height  distribution  of 
antennas  at  171  Coast  Guard  shore  stat  ions . ^ ^ Although  7 09o  are 
more  than  250  feet  high,  301  (52  stations  total)  are  less  than 
250  feet  in  height.  Although  it  is  still  possible  for  these  sta- 
tions to  receive  signals  from  a very  low  antenna  height  as  a 
result  of  diffraction  effects,  increased  signal  attenuation  will 
result,  and  there  is  a higher  probability  of  poor  (or  no)  signal 
reception . 

2.2  PROPAGATION 

The  required  BPIRB  output  power  is  determined  by  the  minimum 
allowable  received  signal  (receiver  threshold),  and  by  the  signal 
attenuation.  The  signal  attenuation  within  the  line  of  sight 
range  is  a complex  function  of  distance,  frequency,  antenna  height 
and  antenna  aperture  (gain)  . The  problem  may  be  analytically 
structured  by  considering  reception  in  free  space  and  reception 
close  to  the  surface.  A sufficiently  tall  receiving  antenna  can 
provide  free  space  propagation  conditions.  When  the  receiving 
antenna  is  relatively  close  to  the  earth's  surface  however,  ground 
or  surface  wave  propagation  conditions  are  dominant.  Free  space 
propagation  is  defined  by: 

Pr  = f X -A  t 8r  = receiving  antenna  gain 

Ft  ^ 1)11  d ’ ° “ 1 gt  = transmit  antenna  gain 

\ = wave  length 

or,  d = distance 

. Pr  = received  power 

(30  gt  Pt)  (2-4)  Pt  = transmit  power 

bo  - d 

Bo  = Received  field  intensity  (volts/meter) 

When  ground  wave  propagation  is  the  dominant  mode,  the  signal  is 
defined  by  (2) 

Pr  _ , hr  lit  >.  (2-5)  hr  = receive  antenna  height 

Pt  ' d 2 > ^ k ht  = transmit  antenna  height 
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RANGE  (nm) 

FIGURE  2-1.  ANTENNA  HEIGHT  VS.  RANGE  FOR  TRANSMITTING  ANTENNA  ON  SURFACE 


Groundwave  propagation  predominates  when  both  antenna  heights  are 
less  than  ho,  where  ho  is  a parameter  called  the  minimum  effective 
antenna  height,  and  is  a function  of  the  surface  dielectric  con- 
stant and  conductivity.  At  the  frequency  of  interest  (156.8  MHz) , 
ho  is  21.55  ft.  for  a vertically  polarized  antenna  over  sea  water. 
When  the  antenna  height  is  greater  than  ho,  attenuation  decreases 
by  6 db  for  every  2 ho  increase  in  antenna  height,  until  free 
space  propagation  conditions  are  reached. 

By  examination  of  equations  (2-3)  § (2-5),  we  see  that  there 
are  two  important  facts  about  groundwave  propagation: 

1)  The  attenuation  is  independent  of  frequency, 

2)  Attenuation  varies  as  the  fourth  power  of  distance. 

Furthermore,  for  a given  distance,  one  can  equate  the  two  expres- 
sions so  as  to  calculate  the  antenna  heights  necessary  to  ensure 
free-space  propagation  conditions.  The  results  of  such  a calcula- 
tion are  summarized  in  table  2-1,  which  shows  the  receiving  anten- 
na height  necessary  for  free  space  propagation,  given  a transmit 
antenna  height  much  less  than  ho  (EPIRB  on  the  sea  surface) . 

TABLE  2-1  RECEIVING  ANTENNA  HEIGHT  NECESSARY 
FOR  FREE  SPACE  PROPAGATION 


DISTANCE  (NAUT.  MILES) 

RECEIVE  ANTENNA  HEIGHT  (FT) 

0.1 

14.1 

0.3 

42.25 

0.5 

70.4 

1.0 

140.8 

3.0 

422.5 

5.0 

704 . 2 

10.0 

1408.3 

20.0 

2816.6 

30.0 

5225.0 

These  calculations  lead  to  the  following  conclusions: 


1)  For  the  typical  case  of  the  EPIRB  in  or  near  the  water, 
and  a small  Coast  Guard  cutter  homing  on  the  EPIRB,  the  level  of 
the  received  signal  at  the  cutter  is  determined  by  ground  wave 
propagation  conditions. 

2)  Although  there  are  nearly  200  Coast  Guard  shore  stations, 
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only  nine  have  antenna  heights  greater  than  3000  ft.,  and  will  pro- 
vide at  least  20  nautical  mile  range  with  free-space  propagation. 
The  receiving  range  of  the  other  stations  must  be  calculated  in- 
dividually, assuming  groundwave  propagation. 

3)  Search  aircraft  reception  range  will,  in  general,  be 
determined  by  free  space  attenuation. 

Figure  2-3  graphically  depicts  the  relationship  between  re- 
ceiving antenna  height,  range  and  the  resultant  signal  attenua- 
tion. 

We  will  now  calculate  the  signal  level  necessary  for  direc- 
tion finder  operation.  A typical  good  quality  direction  finder 
requires  a field  intensity  of  5 microvolts/meter.  Assuming  a 
half  wave  dipole  receiving  antenna,  the  antenna  aperture  is: 

A _ 1.64A2  (2-6) 

4IT 


and  the  received  power  on  the  receiver  is 


Vi 


Eo2A 
120  it 


(2-7) 


Pr  = -105  dBm 

Eo  = field  intensity  at  the  receiver  antenna. 

For  any  giiren  transmitter  output,  now  calculate  the  total 
loss  which  will  result  in  a signal  level  of  -105  dBm  (assuming  an 
isotropic  transmit  antenna,  and  a half-wave  dipole  receiving  an- 
tenna). This  is  shown  in  Table  2-2. 


TABLE  2-2.  TOTAL  LOSS  RESULTING  IN  A SIGNAL  LEVEL  OF  -105  dBm 


TRANSMIT  POWER 

TOTAL  LOSS  TO  RECEIVE 
-105  dBm 

5 watts 

-144  dB 

3 watts 

-142  dB 

2 watts 

-140  dB 

1 watt 

-137  dB 

500  mw 

-134  dB 

300  mw 

-132  dB 

200  mw 

-130  dB 

100  mw 

-127  dB 

■- 

» 
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This  information  can  be  combined  with  figure  2-3  to  determine  the 
necessary  EPIRB  transmitter  power.  For  example,  assume  that  a 
given  Coast  Guard  station  has  an  antenna  height  of  400  feet,  what 
EPIRB  power  is  required  to  give  a range  of  20  miles?  Figure  2-3 
says  that  for  these  conditions,  the  attenuation  will  be  less  than 
-126  dB  so  that  100  mw  will  be  sufficient.  However,  a conserva- 
tive calculation  must  assume  additional  loss  in  the  system.  Typ- 
ically the  system  should  operate  10  dB  above  threshold,  with  an 
allowance  of  6 dB  for  signal  fluctuation  due  to  sea  effects.  This 
equates  to  an  EPIRB  power  of  1 watt. 

The  surface  wave  analysis  presented  so  far  is  based  on  a 
smooth  plane  earth  model.  Strictly  speaking  therefore,  this  anal- 
ysis is  only  valid  under  geometric  1 ine-of -sight  conditions.  In 
order  to  calculate  signal  levels  anticipated  beyond  the  horizon, 
the  analysis  must  be  modified  to  consider  a spherical  earth.  In 
addition,  the  effects  of  surface  roughness,  due  to  varying  sea 
state,  should  also  be  considered.  This  analysis  was  performed 
by  GTE  Sylvania  Communications  Systems  Division,  under  contract 
to  TSC.  The  details  of  the  analysis  are  included  in  Appendix  A, 
together  with  computer  drawn  curves  of  field  strength  versus  dis- 
tance and  sea  state.  The  computer  program  will  also  generate 
printouts  of  signal  level  at  discrete  ranges  and  sea  states,  with 
antenna  height  also  a parameter. 

A summary  of  the  predicted  signal  level  is  presented  in  Table 
2-3.  For  this  data,  range  was  held  constant  at  21.6  nautical  miles 
which  is  the  (approximate)  maximum  range  anticipated  for  EPIRB  re- 
ception. The  data  agrees  within  ldB,  with  the  level  predicted  from 
Figure  2-2  out  to  the  geometric  horizon;  Figure  2-2  does  not  ap- 
ply beyond  this  point.  The  pertinent  facts  from  Table  2-3  are 
as  follows: 

1)  Sea  State  does  not  significantly  affect  the  received  sig- 
nal until  the  range  begins  to  approach  the  geometric 
horizon  or  seas  become  quite  large. 

2)  The  most  important  factor  in  maximizing  received  signal 
is  antenna  height. 
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3)  Antennas  of  100  meters,  or  more,  in  height  should  pro- 
vide satisfactory  reception  at  a range  of  20  nautical 
miles . 

4)  The  present  design  may  be  marginal  in  fresh  water  areas, 
e.g..  The  Great  Lakes,  unless  antenna  heights  are  200-300 
meters  (alternately,  craft  operating  in  the  Great  Lakes 
could  be  equipped  with  a special,  higher-power  LPIRB) . 

2.3  CHANNEL  SELECTION 

The  primary  EPIRB  operating  frequency  will  be  channel  16  (156.8MHz) 
which  is  reserved  as  the  distress,  safety  and  calling  frequency 
for  maritime  mobile  VHF-FM  radio  telephone  service.  Ships  licensed 
to  transmit  in  the  VHF-FM  marine  band  are  required  to  monitor  chan- 
nel 16  when  in  service.  Similarly,  the  USCG  monitors  channel  16 
for  maritime  safety  and  distress  communications  in  the  coastal 
zone.  Thus,  in  the  event  of  an  emergency  it  is  possible  that  a 
nearby  vessel  (private,  commercial,  or  government)  may  hear  the 
distress  transmission  on  channel  16.  The  basic  system  concept 
assumes  periodic  transmission  of  a short  alerting  audible  signal 
on  channel  16.  Unfortunately,  the  requirements  of  the  EPIRB  opera- 
tion and  the  normal  operation  of  channel  16  are  not  compatible. 

Specifically,  during  heavy  traffic  density  periods  the  range  of 
the  EPIRB  would  be  severely  limited  by  the  existence  of  simultan- 
eous  transmissions  on  channel  16  from  ship  or  shore  located  trans- 
mitters which  have  higher  power  outputs  and  more  advantageous  an- 
tenna mounting  configurations.  The  presence  of  co-channel  inter- 
ference is  a significant  problem  in  any  FM  communications  system. 

The  so-called  "FM"  capture  effect  results  in  a weak  signal  being 
suppressed  by  any  stronger  signal  that  appears  in  the  receiver 
pass  band.  Since  nearly  all  the  VHF-FM  radio- telephones  presently 
in  use  transmit  at  the  legal  maximum  output  power  of  25  watts,  an 
EPIRB  with  only  one  watt  output  operates  at  a significant  power 
disadvantage  when  there  is  substantial  co-channel  traffic.  This 
affect  can  only  be  lessened  in  impact  by  either  using  a linear  de- 
modulation system  (such  as  a phase-locked  demodulator)  or  by  use 
of  a modulation-demodulation  scheme  that  is  designed  to  minimize 
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interference  effects  (such  as  spread  spectrum).  Such  techniques 
result  in  complex  and  expensive  receiver  designs.  On  the  other 
hand,  given  that  the  channel  16  EPIRB  transmission  is  adequately 
heard  by  a number  of  vessels,  the  presence  of  the  transmission 
would  preempt  the  use  of  channel  16  for  calling  purposes  and  other 
distress  and  safety  traffic.  As  will  be  discussed  below,  direction 
finding  and  homing  equipment  will  require  longer  periods  of  trans- 
mission than  those  required  for  audible  alerting  purposes.  There- 
fore, it  is  proposed  that  the  EPIRB  should  transmit,  alternately, 
first  on  channel  16  then  automatically  switch  to  channel  15  which 
would  be  reserved  for  EPIRB  use.  The  transmission  on  channel  15 
is  proposed  to  be  of  longer  duration  than  that  on  channel  16.  The 
longer  duration  transmission  on  channel  15  allows  time  for  the 
communication  of  status  data,  identification  codes  or  a distress 
message,  as  desired. 


2.4  SIGNAL  MODULATION 


A variety  of  modulation  waveforms  were  considered  for  this 
system.  These  included  the  following: 


1)  Swept  frequency  tones,  such  as  that  used  by  121.5/243  MHz 
EPIRBS. 

2)  Single- frequency  tones 

3)  Multiple  alternating  tones 

4)  Spread  spectrum 


The  criteria  for  selection  were  as  follows: 


1)  Audibility  to  a human  listener  when  detected  by  a conven- 
tional FM  receiver. 

2)  Detectability  in  the  presence  of  co-channel  interference 
and  background  noise 

3)  Feasibility  of  automated  detection. 

All  the  tone  modulation  systems  examined  were  found  to  be 
highly  audible  with  simple  discriminator-type  demodulation.  Both 
the  swept  - frequency  tone  and  the  multiple  alternating  tone  system 
are  clearly  audible  and  quickly  identifiable  to  the  human  listener. 
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Spread  spectrum  modulation  however  cannot  be  demodulated  by  the 
narrow-band  IF/discriminator  demodulation  technique  found  in  all 
commercial  FM  receivers,  as  in  general  the  bandwidth  of  the  spread 
spectrum  modulated  carrier  will  extend  well  beyond  the  IF  filter 
skirts.  Consequently,  a majority  of  the  signal  energy  will  be  out- 
side the  discriminator  bandwidth.  In  addition  the  nature  of  the 
spread  spectrum  modulation  is  such  that  correct  demodulation  by 
conventional  receivers  is  impossible.  Therefore,  when  an  EPIRB 
transmits  a spread  spectrum  signal,  no  one  would  be  aware  of  the 
signal  unless  they  were  equipped  with  a special  purpose  receiver. 
Since  it  is  considered  essential  that  any  VHF-FM  equipped  craft 
that  is  within  range  of  the  distress  be  able  to  hear  the  distress 
signal,  spread  spectrum  techniques  were  considered  unsuitable  for 
EPIRB  use. 

In  any  distress  alert  system,  the  desirability  of  an  automated 
reception  system  is  self-evident.  Such  a system  must  operate  24 
hours  a day,  seven  days  a week,  with  the  utmost  of  reliability. 

By  incorporating  an  automatic  alarm  in  the  system,  triggered  by 
the  presence  of  the  EPIRB  modulation,  we  eliminate  the  requirement 
for  multiple  additional  personnel  to  monitor  the  receiver  audio 
output.  In  looking  at  the  modulation  techniques  listed  at  the 
beginning  of  this  section,  the  following  conclusions  were  reached: 

1)  A swept  frequency  audio  tone  does  not  lend  itself  to  an 
automated  monitor  without  extremely  tight  specifications 
on  tone  frequency  variation,  period  of  variation,  line- 
arity, etc.  These  specifications  will  be  difficult  to 
achieve  and  maintain  over  the  range  of  operational  con- 
ditions expected  of  the  EPIRB. 

2)  Single  frequency  tones  are  extremely  easy  to  detect  - 
however,  with  a single  tone,  the  possibility  of  false 
alarms  due  to  spurious  modulation  components  is  signifi- 
cant . 

3)  Multiple  single  frequency  tone  systems  are  therefore  con- 
sidered to  be  the  logical  choice.  In  particular  we  have 
chosen  a waveform  which  consists  of  two  tones,  1300  Hz 
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and  2200  Hz,  alternating  four  times  per  second.  This 
waveform  is  simple  to  detect,  is  highly  audible  under 
all  conditions,  and  minimizes  spurious  false  alarm 
problems . 

The  choice  of  specific  tone  frequencies  at  1300  Hz  and  2200 
Hz  was  made  partly  on  the  basis  that  this  waveform  is  already  in 
use  as  an  international  distress  waveform- - indeed , some  ships 
already  carry  automated  monitor  equipment  for  this  waveform.  There- 
fore, this  choice  is  quite  rational,  in  that  these  frequencies  are 
already  used  for  distress  alerting  and  the  choice  both  maximizes 
system  acceptability  and  minimizes  the  proliferation  of  different 
distress  alerting  systems. 

2.5  EPIRB  ANTENNA  CONSIDERATIONS 

The  provision  of  a wel 1 -matched , efficient  transmit  antenna, 
with  good  radiation  characteristics  at  very  low  elevation  angles 
is  critical  to  proper  EPIRB  signal  reception.  With  these  require- 
ments, some  form  of  vertically  polarized  antenna  is  essential. 

Thus,  the  classic  antenna  which  has  been  used  for  this  application 
is  either  a 1/2  wavelength  dipole,  or  (to  minimize  length)  a 1/4 
wavelength  antenna  with  a suitable  ground  plane.  It  should  be 
noted  that  the  presence  of  a ground  plane,  either  as  part  of  the 
antenna  structure  or  in  the  form  of  sea  water  will  inevitably  tilt 
the  radiation  pattern  up  about  10°  away  from  the  local  horizon; 
this  can  sometimes  be  alleviated  by  an  angled  ground  plane. ^ 

In  addition  to  the  requirements  listed  above,  the  present  ap- 
plication imposes  a new  set  of  operating  constraints:  the  EPIRB 
antenna  must  perform  well  under  three  separate  conditions  -- 

1)  When  floating  free  near  a distress  vessel  - where  the 
liquid  medium  is  sea  water. 

2)  Hand  held,  or  otherwise  mounted  on  the  deck  (or  higher) 
of  a distressed  vessel. 

3)  When  floating  free  in  a fresh  water  medium  - a situation 
typical  of  the  Great  Lakes.  Although  a 1/4  wavelength 
antenna  will  function  well  in  condition  (1),  where  sea 


15 


water,  because  of  its  high  conductivity,  provides  an 
excellent  ground  plane,  in  either  of  the  other  two 
situations  its  performance  will  deteriorate  substantially. 

Since  fresh  water  is  a poor  conductor  of  electricty  and  hence 
a poor  ground  plane,  both  conditions  2 and  3 will  result  in  a de- 
graded signal  if  a 1/4  wavelength  antenna  is  used.  The  actual  an- 
tenna performance  is  difficult  to  quantify,  as  performance  is  very 
much  dependent  on  the  specific  location.  Nevertheless,  we  know 
that  in  general  the  antenna  efficiency  will  decrease  because  of 
variation  in  the  antenna  impedance,  and  its  main  lobe  may  tilt  up- 
wards in  poor  signal  at  low  elevation  angles. 

These  considerations  dictate  that  some  other  antenna  design 
is  essential  for  adequate  performance.  Specifically,  the  chosen 
antenna  must  meet  the  following  criteria: 

1)  No  ground  plane  and  well  decoupled  from  its  physical 
surroundings . 

2)  High  efficiency  and  simple  impedance  match. 

3)  Good  radiation  characteristics  at  low  elevation  angles. 

Several  designs  were  evaluated  in  a search  for  the  ideal  EPIRB 
antenna.  The  basic  approach  is  to  make  the  antenna  appear  to  the 
outside  world  as  a half-wave  dipole  isolated  from  its  surroundings. 
Such  an  antenna  does  not  require  a ground  plane,  has  a known,  fixed 
impedance  value,  and  provides  a pattern  with  good  coverage  at  low 
angles . 

The  antenna  design  which  would  ordinarily  be  specified,  in 
view  of  the  previous  discussion,  is  a coaxial  center-fed  half-wave 
dipole  incorporating  a shorted,  quarter-wave  section  as  a choke  to 
prevent  current  flow  down  the  feed  cable  and  thus  isolate  the  an- 
tenna from  its  environment.  The  chief  drawback  of  this  approach 
for  our  application  is  its  complexity  and  cost. 

An  extremely  simple  and  inexpensive  approximation  to  this  de- 
sign, widely-used  in  the  amateur  radio  community,  was  chosen  as 
the  EPIRB  antenna . ^ 5 ’ This  is  the  so-called  "J"  antenna  which 
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consists  of  a hal f -wavelength  rod  attached  to  a shorted  quarterwave 
section  of  two-wire  line.  Fig.  2-4  illustrates  the  arrangement  and 
shows  the  "J"  shape  of  the  conductors.  The  antenna  is  fed  by  tap- 
ping into  the  shorted  quarter -wavelength  section  at  the  50  ohm 
point.  In  commercial  antennas  the  connection  is  made  by  attaching 
inner  and  outer  conductors  of  a coaxial  cable  to  the  two-wire  line; 
in  an  integrated  FPIRB  design  a balanced  (two-wire)  feed  could  be 
preferable  and  even  less  expensive. 

The  operation  of  the  antenna  is  straightforward,  although  a 
little  unusual.  The  dipole  is  fed  from  the  base  at  point  "A"  in 
figure  2-4  current  flow  down  the  antenna  along  the  feed  cable  which 
could  interact  with  water  or  surrounding  structures  and  cause  im- 
pedance and  pattern  variations  is  suppressed  by  the  choke,  which 
at  point  "A"  presents  an  open-circuit  to  such  currents.  The 
resulting  radiation  pattern  is  that  of  a half-wave  dipole. 

The  primary  drawback  of  the  J antenna  is  its  physical  length. 

An  antenna  length  of  3/4  wavelength  at  156  MHz  is  1.4  meters  or 
4.7  feet.  Although  much  of  the  matching  section  could  be  packaged 
inside  the  EPIRB,  the  antenna  length  is  still  over  3 feet,  result- 
ing in  a rather  cumbersome  design.  Further  decrease  in  antenna 
length  may  be  possible  by  loading  the  antenna,  either  with  a disc- 
shaped hat,  or  with  a small  helical  structure . In  both  instances, 
the  effect  is  to  make  a physically  short  antenna  into  one  with 
greater  electrical  length.  Further  investigation  of  this  technique 
was  considered  beyond  the  scope  of  this  task  and  therefore  was  not 
pursued. 

2.6  DURATION  OF  TRANSMISSION 

As  discussed  in  section  2.4,  it  was  decided  to  adopt  the  1300/ 
2200  Hz  two-frequency  scheme  for  the  EPIRB  because  1)  this  audible 
tone  scheme  has  international  recognition  as  a distress  call, 

2)  some  vessels  are  currently  equipped  with  automated  detection 
equipment  for  this  tone  signaling  pair,  3)  the  signal  has  good 
audible  detection  characteristics  under  high  noise  conditions, 

4)  the  signal  format  is  compatible  with  the  requirements  of  auto- 
mated detection  systems. 
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The  two  tones,  1300  Hz  and  2200  Hz,  will  be  alternately  trans- 
mitted for  one  quarter  second  each.  Clearly,  the  minimum  duration 
transmission  would  consist  of  one  transmission  of  each  of  the  tone 
frequencies.  This  takes  one-half  second.  In  order  to  determine 
the  optimum  Channel  16  transmission  time  (defined  as  the  minimum 
necessary  for  reliable  alert),  a subjective  listening  evaluation 
was  conducted.  Specifically,  the  channel  16  sequence  consisting 
of  1300  Hz  and  2200  Hz  tones  of  1/4  second  duration  was  generated 
and  corrupted  by  additive  white  gaussian  noise.  This  implementa- 
tion represents  the  output  of  a receiver  when  it  is  deep  in  the 
threshold  region.  The  duration  of  the  channel  16  transmission 
pattern  was  varied  from  1/2  second  to  3 seconds.  The  noise  was 
increased  to  a point  where  the  channel  16  message  was  barely  audi- 
ble. The  detectability  of  the  channel  16  signals  at  various 
lengths  was  compared  by  several  listeners.  It  was  found  after 
numerous  trials  that  detectability  was  degraded  due  to  the  short- 
ness of  the  message  when  message  duration  was  less  than  2 seconds. 
On  the  other  hand,  it  was  found  that  increasing  the  message  dura- 
tion beyond  2 seconds  did  not  significantly  enhance  detectability. 
This  test  was  repeated,  using  Coast  Guard  watch  standees  as  listen- 
ers, with  identical  results.  It  was  therefore  concluded  that  a 
2 second  transmission  on  channel  16  is  probably  optimum. 

The  transmission  duration  on  channel  15  is  not  constrained  by 
audible  detection  characteristics.  Instead,  the  transmission  dura- 
tion must  be  sufficient  to  meet  the  operational  requirements  of 
direction  finding  and  homing  equipment  and  to  provide  the  trans- 
mission of  a vessel  identification  code  and  a distress  message 
code . 

It  is  anticipated  that  approximately  10  million  independent 
vessel  identification  codes  may  be  required  by  the  system.  Given 
that  BCD  coding  of  the  vessel  identification  number  is  used,  28 
data  bits  provides  the  capability  for  defining  10  million  inde- 
pendent vessel  address  codes.  The  same  addressing  capability 
can  be  achieved  with  24  bits  of  binary  coding  data.  Thus  for  the 
purposes  of  design  analysis,  it  is  assumed  that  adequate  addressing 
capability  can  be  provided  by  28  data  bits. 
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For  ex- 


The  distress  message  code  is  substantially  shorter, 
ample,  the  EPIRB  could  provide  l'or  the  transmission  of  fire,  sinking, 
medical  emergency  and  disabled  but  not  immediately  in  danger.  The 
minimum  number  of  bits  for  four  possible  distress  codes  is  two. 
However,  it  is  reasonable  to  employ  redundancy  in  this  portion  of 
the  distress  message  to  enhance  the  reliability  of  detection.  For 
this  reason,  it  is  assumed  that  12  bits  will  be  employed  to  transmit 
one  of  four  possible  distress  messages. 

Thus,  it  appears  that  40  bits  of  data  transmission  capability 
is  adequate  for  present  and  future  system  applications.  The 
actual  EPIRB  transmission  will  consist  of  more  than  40  bits  be- 
cause a preamble  bit  sequence  is  required  in  order  to  provide  for 
reliable  signal  detection,  bit  synchronization,  and  start-of- 
message  indication.  The  preamble  bit  sequence  must  be  long 
enough  to  provide  a high  probability  of  detection  and  sufficiently 
accurate  bit  synchronization.  The  system  design  effort  must 
determine  the  distress  message  bit  rate  and  the  required  length 
of  the  preamble  bit  sequence.  This,  along  with  direction  finding 
and  homing  constraints,  will  determine  the  duration  of  transmis- 
sion on  channel  15. 

Communication  with  manufacturers  of  automatic  direction 
finding  equipment  (ADF)  and  with  USCC  personnel  who  are  familiar 
with  the  operation  of  ADF  equipment  indicates  that  the  transmission 
of  a signal  for  2 or  3 seconds  is  adequate  for  direction  finding 
purposes.  However,  when  the  signal  is  deeply  buried  in  noise 
additional  time  should  be  provided  to  enhance  distress  message 
recognition  by  operating  personnel.  Thus,  for  the  purpose  of 
design  analysis  it  is  assumed  that  direction  finding  will  require 
transmission  on  channel  15  for  durations  in  excess  of  5 seconds. 
Homing  systems  require  much  longer  transmission  durations.  For 
example,  it  may  take  several  minutes  to  orient  a homer  equipped 
vessel  in  the  direction  of  a distress  message  when  operating  in 
rough  seas  and/or  restricted  channels.  However,  the  EPIRB  cannot 
transmit  for  such  long  durations  and  meet  the  constraints  imposed 
by  battery  1 im itat ion  and  multiple  EPIRB  operational  considerations. 

It  is  possible  to  operate  the  homing  equipment  while  transmitting 
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for  relatively  short  durations  provided  that  the  distress  message 
is  retransmitted  frequently.  In  this  way  the  helmsman  can  correct 
his  heading  based  on  the  homing  indicator  reading  obtained  during 
each  distress  message  retransmission.  In  such  a mode  of  opera- 
tion, initial  retransmission  should  occur  at  least  once  per 
minute  so  that  the  helmsman  can  correct  his  course  and  determine 
the  EPIRB  bearing  as  rapidly  as  possible. 

In  order  to  accommodate  the  operational  requirements  of  the 
homing  process,  the  EPIRB  must  transmit  for  at  least  15  seconds 
during  each  transmission  cycle.  The  system  was  cesigned  with  a 
variable  duty  cycle  such  that  the  EPIRB  retiansmits  roughly  two 
or  three  times  per  minute  at  first,  and  reduces  its  transmission 
rate  over  the  24  hour  active  interval.  The  variable  duty  rate 
can  be  designed  so  that  during  the  first  few  hours  of  transmission 
the  retransmission  rate  does  not  go  below  once  per  minute.  How- 
ever, the  constraints  placed  on  system  design  by  available  bat- 
tery power  at  reasonable  cost,  and  operation  in  a multiple  EPIRB 
environment  dictate  that  during  the  latter  part  of  the  24  hour 
interval  the  retransmission  rate  must  be  significantly  lower  than 
once  per  minute.  This  problem  is  addressed  in  Section  3.0. 


FIGURE  2-4.  TYPICAL  J ANTENNA 
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3.  OPERATIONAL  CONSIDERATIONS 


3.1  SUMMARY  OF  THE  TRANSMISSION  CYCLE 

Figure  3-1  summarizes  the  transmission  parameters  discussed 
in  this  section.  Each  transmission  cycle  begins  with  transmis- 
sion on  channel  16  for  2 seconds.  The  modulation  format  used 
during  the  channel  16  transmission  corresponds  to  the  interna- 
tional distress  tones  at  1300  Hz  and  2200  Hz.  These  tones  are 
alternated  every  quarter  second  as  described  for  the  interna- 
tional distress  call  format.  After  a channel  16  transmission 
the  EPIRB  switches  to  channel  15  and  continues  to  transmit  using 
the  same  tone  frequencies  at  1300  Hz  and  2200  Hz.  However,  the 
message  is  not  a simple  alternating  pattern.  For  the  first  five 
seconds  on  channel  15  a preamble  pattern  is  transmitted.  This 
consists  of  20  tone  chips  each  of  which  is  0.25  seconds  long. 

The  code  pattern  used  during  this  20  chip  preamble  is  selected 
to  have  good  correlation  properties  for  detection  and  sychroni- 
zation  of  the  channel  15  message.  The  latter  10  seconds  of  the 
channel  15  transmission  consists  of  a 40  bit  message  which  con- 
tains the  vessel  identification  and  distress  codes.  The  40  bits 
are  transmitted  using  the  same  1300  and  2200  Hz  tone  frequencies. 
Thus,  the  transmission  duration  on  channel  15  is  roughly  15 
seconds.  Following  transmission  on  channel  15  the  EPIRB  switches 
back  to  channel  16  and  repeats  the  first  transmission  pattern. 
Following  the  second  transmission  on  channel  16  the  EPIRB  remains 
off  for  a variable  length  of  time  which  is  determined  by  the  duty 
cycle  logic.  The  exact  duty  cycle  to  be  used  will  depend  on  the 
energy  storage  capabilities  of  the  battery  selected  for  the  EPIRB. 
However,  it  is  safe  to  say  at  this  point  that  the  selected  duty 
cycle  pattern  will  be  similar  to  that  shown  in  Fig.  B-4. 

3.2  MULTIPLE  ACCESS 

The  EPIRB  design  described  herein  provides  a relatively  high 
power  level  (1  watt)  in  order  to  provide  a usable  signal  with  the 
propagation  conditions  described  in  Section  2.2.  In  order  to 
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FIGURE  3-1.  TRANSMISSION  FORMAT 


minimize  the  battery  requirements,  it  is  reasonable  to  assume  that 
the  EPIRB  will  transmit  bursts  of  signal,  followed  by  periods  of 
no  transmission.  This  is  shown  graphically  in  Fig.  3-2.  In 
addition,  when  more  than  one  EPIRB  is  in  operation  at  a given 
time  the  detection  performance  of  the  system  will  be  degraded  by 
the  potential  for  overlap  of  the  transmissions  from  two  or  more 
of  the  EPIRBs.  It  is  likely  that  most  EPIRB  receiving  systems 
will  use  frequency  modulation  detectors  (i.e.,  ordinary  FM 
receivers)  , in  which  case  the  strongest  of  the  received  signals 
will  capture  the  receiver  when  overlap  exists.  This  means  that 
in  order  to  detect  the  weaker  (more  distant)  EPIRB  signals  there 
must  be  a high  probability  of  reception  without  overlap.  Appendix 
B analyzes  this  problem. 

It  should  be  noted  here  that  there  will  always  be  a finite 
(but  small)  probability  that  several  EPIRBs  will  turn  on  nearly 
simultaneously.  In  this  eventuality,  the  receiving  system  will 
be  incapable  of  distinguishing  between  EPIRBs,  if  they  are  in  close 
proximity  to  one  another.  This  event,  however,  will,  in  general, 
be  quite  rare,  as  the  prime  cause  would  be  the  sudden  onslaught 
of  violent  weather  (such  as  a line  squall).  Sudden,  severe 
weather  can  (and  has)  caused  severe  distress  to  large  numbers  of 
small  craft,  and  no  communication  system  however  complex,  can 
accommodate  such  a situation,  unless  extremely  large  amounts  of 
unused  time  are  provided  in  the  transmission  format  which  in  turn 
means  that  each  EPIRB  will  transmit  very  infrequently.  We  have 
chosen  instead  to  design  an  efficient  communications  system,  with 
a high  probability  of  reception  and  low  probability  of  overlap. 

The  primary  consideration  is  that  except  for  the  highly  unusual 
conditions  mentioned  above,  the  probability  of  multiple  EPIRBs 
turning  on  nearly  simultaneously,  is  extremely  low. 

3.3  BATTERY  LIFETIME 

The  batter  power  requirements  of  the  two  schemes  shown  in 
Fig.  B-4  were  analyzed  as  typical  designs.  The  results  are  shown 
in  Table  3-4.  The  table  assumes  two  possible  patterns  during  each 
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FIGURE  3-2.  EPIRB  TRANSMISSION  CYCLE 


r 

cycle:  Channel  16  transmits  preceding  and  following  channel  15 

transmissions.  Channel  15  transmissions  are  always  15  seconds  in 
duration  while  channel  16  transmissions  are  either  1 or  2 sec. 
long.  The  results  of  Section  2.2  indicate  that  1 watt  of  trans- 
mitter RF  power  through  a 0 dBi  gain  antenna  should  be  adequate. 
For  this  reason,  Table  3-4  assumes  that  the  d.c.  bus  power 


TABLE  3-1.  BATTERY  POWER  REQUIREMENTS 


Cycle  A 

Cycle  B 

2+15+2 

1+15+1 

2+15+2 

1+15+1 

No.  Trans,  in  24 
hrs . 

472 

472 

399 

399 

Total  Trans.  Time 

8968  sec. 

8024  sec. 

7581  sec. 

6783  sec. 

Energy  Required 
for  3 watts  d.c. 

7.47  W-hr. 

6.68  W-hr. 

6.32  W-hr. 

5.65  W-hr. 

ma-hours  at  12 
volts 

622  ma-hr. 

556  ma-hr. 

526  ma-hr. 

471  ma-hr. 

required  during  transmission  is  around  3 watts.  The  battery 
capacity  required  for  the  various  schemes  is  between  471  ma-hr. 
and  622  ma-hr.  at  12  volts. 

Batteries  which  are  typically  used  in  EPIRBs  tend  to  lose 
their  capacity  at  low  temperatures.  For  this  reason,  it  is  nec- 
essary to  derate  the  battery  when  consideration  is  given  to  low 
temperature  operation.  A derating  by  50%  is  not  unreasonable  for 
this  application.  Table  3-5  summarizes  the  battery  characteristics 
which  are  typical  of  what  would  be  required  by  the  EPIRB  using 
the  2+15+2  version  of  Cycle  "A." 


TABLE  3-2.  BATTERY  CHARACTERISTICS 


Voltage 

12  volts 

Energy  Storage 

7.5  W-hours 

Low  Temp.  Design  Point 

-20°C 

2.5  Hour  Discharge  Rate 

250  milliamperes 

Amp  hours  at  25°C 

1.25  A-hours 

r 


For  the  purposes  of  illustration,  it  was  found  that  a sealed 
rechargeable  lead-acid  battery  which  roughly  meets  these  require- 
ments is  a Globe-Union  Gel/Cell  Model  GC  1215-1.  This  unit  can 
provide  450  milliamps  (to  a terminal  voltage  of  10  V)  at  25°C 
and  is  derated  by  50%  at  20°C.  The  battery  is  7.01  x 2.36  x 1.33 
inches  and  weights  approximately  1.5  lbs.  A nickel -cadmium  bat- 
tery with  a similar  capability  is  a GE  Model  10  GC  W 2.0  ST. 

This  unit  is  6.68  x 2.81  x 1.67  inches  which  is  remarkably  similar 
to  the  sealed  lead-acid  unit.  Of  course,  this  Ni-Cad  battery  will 
provide  the  same  performance  down  to  -30°C. 

Lithium  battery  technology  offers  the  highest  energy  per 
unit  weight  and  volume  of  all  commercially  available  batteries. 

The  application  of  this  relatively  new  technology  to  the  EPIRB 
application  was  investigated.  It  was  found  that  a lithium  primary 
battery  capable  of  delivering  250  ma  at  12  volts  for  2.5  hours  at 
-20°C  was  quite  small.  In  fact,  5 "3/4  C"  cells  will  produce  270 
ma  for  2.5  hours  at  -28.8°C  (-20°F).  The  voltage  at  the  start  of 
discharge  is  approximately  11.5  volts  and  reduces  to  11.0  volts 
after  2.5  hours.  The  battery  unit  size  is  1.63  high  by  0.95 
inches  in  diameter.  Five  units  are  required.  Total  weight  for 
the  5 units  is  5.75  oz.  (163  grams).  Recent  cost  estimates  for  a 
lithium  battery  pack  consisting  of  5 "3/4  C"  units  is  $11.75 
(200  and  up) . 

The  purpose  of  reviewing  the  capabilities  of  commercially 
available  batteries  is  not  to  select  a type  and  style  for  a pro- 
duction EPIRB.  Rather,  it  is  to  demonstrate  that  the  assumed 
design  requirement  of  3 Watts  of  D.C.  power  for  2-5  transmitting 
hours  (24  operating  hours)  are  reasonable  and  that  substantial 
increases  may  not  be  possible  within  the  context  of  the  EPIRB 
size  and  cost  constraints.  At  the  same  time,  it  is  observed  that 


substantial  decreases  in  battery  energy  storage  capability  are  not 
required  either.  For  these  reasons,  it  is  concluded  that  duty 
cycle  patterns  like  those  shown  in  Fig.  B-5  are  suitable  for  the 
EPIRB  mission. 
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l\.  PROTOTYPE  EPIRB  DESIGN 


This  section  describes  the  design  and  construction  of  the 
prototype  EPIRB.  Five  prototypes  were  built  and  tested  during 
this  program. 

4.1  EPIRB  DIGITAL  DESIGN 

The  experimental  EPIRBs  implemented  as  part  of  this  program 
were  intended  to  provide  maximum  flexibility  to  the  experimenters. 
The  following  parameters  were  controllable, 
power  output 
antenna  type 
duty  cycle  variation 
duration  of  channel  16  transmission 
duration  of  channel  15  transmission 

This  was  achieved  using  the  system  shown  in  Fig.  4-1  which  shows 
the  EPIRB  block  diagram. 

Transmitter  operation  is  controlled  by  the  contents  of  a read 
only  memory  (ROM).  In  particular,  the  memory  determines  whether 
the  transmitter  is  ON  or  OFF  at  a given  time.  If  it  is  ON,  the 
memory  determines  whether  the  transmitted  frequency  is  on  channel 
15  or  channel  16.  The  memory  also  determines  which  of  the  two 
FSK  tones  is  used  to  modulate  the  output  frequency. 

The  address  of  the  ROM  is  determined  by  a counter  which  is 
incremented  at  a rate  which  is  obtained  by  dividing  down  a stable 
reference  frequency  from  the  tone  generator.  Thus,  as  the  counter 
counts  up  to  its  maximum  and  overflows,  the  entire  content  of  the 
ROM  is  continuously  scanned.  Each  cycle  of  the  address  counter 
corresponds  to  one  transmission  cycle. 

In  the  absence  of  the  divide  ratio  control,  the  system  as 
described  thus  far  is  capable  of  constant  duty  cycle  operation. 

A duty  cycle  counter  is  included  which  is  incremented  once  each 
transmission  cycle.  This  counter  controls  a divide  ratio  logic 
subsystem  which  reduces  the  address  counter  update  rate  during 
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FIGURE  4-1.  EP1RB  TRANSMITTER  BLOCK  DIAGRAM 


the  OFF  periods.  As  the  number  of  executed  transmitter  cycles 
increases  and  the  duty  cycle  counter  content  increases,  the  up- 
date rate  of  the  address  counter  during  the  OFF  periods  becomes 
slower  and  slower.  In  this  way  the  desired  variable  duty  cycle  is 
implemented.  The  system  also  includes  a means  for  randomizing 
the  OFF  period  from  unit-to-unit . This  is  achieved  by  perturbing 
the  divide  ratio  control  subsystem  by  one  of  the  ROM  outputs.  A 
unique  ROM  content  would  be  implemented  for  each  production  unit. 

4.2  TRANSMITTER  DESIGN 

The  VIIF  transmitter  portion  of  the  system  was  implemented 
using  a VI. F Electronics  Model  TX144B  commercial  transmitter  module. 
This  unit  provided  the  VCO,  and  power  amplifier  functions.  It  was 
necessary  to  modify  the  unit  in  order  to  provide  Ch.  15/Ch.  16 
capability  and  logic  controlled  ON/OFF  functions,  and  to  provide 
an  output  power  of  1 watt. 

Two  types  of  antennas  were  used.  A 5/8  wavelength  whip 
antenna  was  mounted  on  one  of  the  EPIRBS.  Four  other  EPIRBS  were 
implemented  with  a "J"  antenna  (Antenna  Specialities  Model  ASM177) . 

The  tone  generator  was  implemented  by  a MC14410  integrated 
circuit  (1C) . For  the  purposes  of  experimentation,  the  read  only 
memory  was  implemented  using  a 2101  random  access  memory  with  an 
attached  battery  pack.  The  rest  of  the  logic  was  implemented  in 
CMOS . 

Tables  4-1  and  4-2  show  two  different  duty  cycle  arrangements 
which  were  implemented  for  experiment  purposes.  Method  "C" 
provides  a 10  second  Ch.  15  transmission.  Method  "D"  provides  a 
15  second  on  Ch.  15. 

4.3  MECHANICAL  DESIGN 

The  prototype  EPIRBs  were  all  packaged  in  identical  containers. 
The  container  consisted  of  a right  circular  cylinder,  fabricated 
from  3 inch  (inside  diameter)  PVC  pipe,  with  suitable  endcaps. 

The  container  is  approximately  18  inches  long.  Two  aluminum  rails 
are  fastened  to  the  top  cap,  and  the  two  printed  circuit  boards  are 
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TABLE  4-1. 

DUTY  CYCLE  PATTERN  "C" 

[10  Seconds  on  Channel  15) 

Duty  Cycle 

Duration 

Cuin . Time 

4 2.91 

18.6  min. 

- 

23.3 

34.4  min . 

53.1  min. 

14.6 

54.9  min. 

1.8  h r s . 

11.3 

70.6  min . 

2.9  hrs . 

8.8 

91.2  min . 

4.5  hrs. 

7.5 

106.9  min . 

6 . 3 hrs . 

6.3 

127.5  min. 

8.4  hrs. 

5.6 

24  hrs. 

TABLE  4-2. 

DUTY  CYCLE  PATTERN  "D" 

(15  Seconds  on  Channel  15) 

Duty  Cycle 

Duration 

Cum.  Time 

31.31 

17.1  min. 

- 

13.5 

34 . 1 min . 

51 . 2 min . 

8.3 

64  min. 

1 . 9 hrs . 

6.2 

86.4  min. 

3.4  hrs. 

4.8 

110.9  min . 

5.2  hrs. 

4.0 

133.3  min . 

7.43  hrs . 

3.5 

151.8  min . 

9 .96  hrs . 

3.0 

- 

24.0  hrs. 

These  two  patterns  can  he  separately  implemented  with  only  minor 
wiring  and  programming  changes.  The  digital  electronics  was 
specifically  designed  to  emphasize  flexibility.  Specifically,  all 
timing  patterns  could  be  quickly  and  simply  modified  over  a wide 
range . 
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fastened  between  these  rails  (see  figures  4-2,  4-3  and  4-4).  The 
antenna  is  a 50-inch  whip,  also  fastened  to  the  top  cap  with  its 
matching  section  contained  within  the  package.  One  circuit  board 
(fig.  4-3)  contains  the  VHF  transmitter  and  its  associated  RF 
circuitry.  The  other  circuit  board  (fig.  4-4)  contains  the 
digital  circuitry.  The  batterys  were  mounted  in  the  bottom  of 
the  container  for  ballast;  rechargeable  Gel  cells  were  used.  The 
container  was  sealed  and  pressurized  (3  psi)  to  ensure  watertight 
integrity.  On  the  outside  of  the  top  cap  were  mounted  the  pressure 
valve  and  two  switches- -the  on-off  switch  and  another  to  choose 
the  identification  code. 

The  prototype  floated  with  the  antenna  base  about  3 inches 
above  the  surface.  The  output  power  was  about  1 watt  into  the 
antenna . 
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PROTOTYPE  UP  I RB 


FIGURE  4-3.  EPIRB  DIGITAL  ELECTRONICS 
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FIGURE  4-4.  EPIRB  RF  ELECTRONICS 


5.  AUTOMATED  EPIRB  RECEIVER/PROCESSOR  DESIGN  ANALYSIS 


This  section  considers  the  performance  of  the  receiver  to  be 
used  for  high  performance  detection  of  the  channel  15  message  and 
for  code  processing  to  extract  vehicle  identification  and  distress 
level . 

5.1  SIGNAL  CONSIDERATIONS 

The  EPIRB  design  described  in  this  report  is  intended  to 
provide  coverage  within  20  nautical  miles  of  the  coastline. 
Therefore,  the  system  should  provide  coverage  for  slant  ranges  well 
in  excess  of  20  nautical  miles.  Table  5-1  shows  the  receiver  power 
level  for  1 watt  transmitted  EIRP  at  ranges  of  24  nm  and  30  nm. 

The  transmitter  height  is  assumed  to  be  at  sea  level,  and  the 
receiver  antenna  height  is  assumed  to  be  either  100  ft  or  200  ft 
above  sea  level.  Three  wind  conditions  are  given:  no  wind,  7.7 
m/s,  and  15.6  m/s.  The  latter  two  wind  speeds  correspond  to  sea- 
state  3 and  sea-state  6,  respectively.  Also  given  in  the  table  are 
the  received  power  levels  predicted  by  the  classical  smooth 
spherical  earth  propagation  model. 

Table  5-1  shows  that  the  weakest  signal  strengths  anticipated 
for  this  system  should  be  about  -126  dBm  when  the  transmitted 
power  is  1 watt  and  the  receiving  antenna  has  3 dB  of  gain  at  the 
heights  shown  in  the  table.  Of  course,  somewhat  higher  antenna 
gains  are  readily  achieved  and  the  transmitter  may  put  out  more 
than  1 watt  especially  at  initial  turn-on.  In  order  to  determine 
performance  we  must  also  have  an  estimate  of  the  receiver  noise 
characteristic.  At  frequencies  in  the  vicinity  of  150  MHz,  the 
noise  in  the  receiver  is  often  the  result  of  man-made  ambient  noise 
rather  than  receiver  front-end  noise.  The  level  of  man-made  noise 
is  a function  of  population  density.  Por  example,  Fig.  1 of  Sec- 
tion 29  of  Ref.  1 shows  that  the  equivalent  noise  figure  of  urban 
man-made  noise  at  150  MHz  is  approximately  36  dB.  The  equivalent 
noise  figure  of  surburban  man-made  noise  at  150  MHz  is  about  20 
dB.  For  the  purposes  of  analysis,  we  will  assume  the  latter 
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TABLE  5-1.  RECEIVED  SIGNAL  LEVEL  (dBm)  FOR  1 TRANSMITTED  EIRP 


(transmitter  height 

* 0,  antenna 

gain  = +3dBi) 

HI 

antenna 

received 

wind  speed 

height 

power 

■Sfl 

(m/s) 

sea-state 

(ft) 

(dBm) 

n 

0 

0 

100 

-116 

o 

0 

0 

200 

-109 

30 

0 

0 

100 

-123 

30 

0 

0 

200 

-116 

24 

7.7 

3 

100 

-118 

24 

7.7 

3 

200 

-111 

30 

7.7 

3 

100 

-125 

30 

7.7 

3 

200 

-118 

24 

15.6 

6 

100 

-119 

24 

15.6 

6 

200 

-112 

30 

15.6 

6 

100 

-126 

30 

15.6 

6 

200 

-119 

24 

smooth  spherical  earth 

100 

-115 

24 

smooth  spherical  earth 

200 

-109 

30 

smooth  spherical  earth 

100 

-122 

30 

smooth  spherical  earth 

200 

-116 

24 

F (50)  ht  = 15  ft. 

100 

-114 

24 

F (50) 

200 

-110 

30 

F (50) 

100 

-118 

30 

F(50) 

200 

-114 

operational  environment.  Thus,  with  1 Watt  EIRP  from  the  EPIRB, 
the  worst-case  received  carrier-to-noise  density  will  be  approxi- 
mately 29  dB-Hz.  If  it  is  assumed  that  the  transmitted  EIRP  is 
1.5  Watts  then  worst-case  signal -to-noise  density  will  be  30  dB- 
Hz.  Such  signal  levels  are  well  below  the  threshold  of  a con- 
ventional FM  receiver  designed  for  Maritime  Mobile  Service. 
Therefore,  we  must  investigate  the  performance  of  FM  receivers 
when  operated  below  threshold. 

The  performance  of  an  FM  receiver  above  and  below  threshold 
was  derived  based  on  the  work  of  Davis. The  derivation  provided 
the  signal-to-noise  density  at  baseband  as  a function  of  signal-to- 
noise  density  at  IF.  The  relationship  used  is  given  in  Eq . (5-1). 


Cno  J 


base 

band 


- TT  f 2/B2 

m 


2e 


p B <5‘ 


4B2  pe ' P 


it  r (1-e 


P)2[2(p+2.35)]1/Z 


(5-1) 


where 


p = C/nqB,  the  IF  SNR 

B = the  single-sided  noise  bandwidth  of  the  IF 
6 = modulation  deviation  (rads)  = Af/f 

m 

f = modulation  rate  (Hz) 
m 


Equation  (5-1)  is  plotted  in  Fig.  5-1  for  several  choices  of 
parameters.  In  particular,  2 IF  bandwidths  are  assumed.  One  is 
the  standard  for  typical  VHF  receivers - -namely , 12  kHz.  The  other 
is  6 kHz.  Two  tone  frequencies  are  assumed  as  before,  1300  Hz  and 
2200  Hz.  In  all  cases  analyzed  the  modulation  deviation  was  as- 
sumed to  be  2 radians.  At  2 radians  the  best  performance  is 
achieved  at  2200  Hz  in  a 7 kHz  IF.  However,  note  that  a 1300 
Hz  tone  in  the  same  bandwidth  could  use  a larger  deviation.  When 
the  deviation  is  optimized,  performance  at  1300  Hz  is  similar  to 
that  shown  for  2200  Hz  in  the  7 kHz  bandwidth.  The  same  argument 
pertains  to  the  12kHz  IF  bandwidth  performances  shown.  Namely, 
in  both  cases,  at  1300  Hz  and  at  2200  Hz,  the  2 radian  deviation 
assumed  is  smaller  than  that  which  would  be  allowable  by  the  1 2 kll z 
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filter.  However,  in  this  case,  if  the  deviation  were  increased 
by  6 dB  and  a comparison  made  with  the  performances  in  the  6 kHz 
bandwidth,  it  is  found  that  the  relative  performance  of  the  wider 
bandwidth  system  below  threshold  is  inferior  to  that  of  the  nar- 
rower bandwidth  system,  so  that  the  narrow  bandwidth  IF  always 
provides  the  lowest  threshold. 

The  propagation  analysis  of  the  previous  section  indicated 
that  the  worst-case  received  carrier-to-noise  density  is  approxi- 
mately 28  to  30  dB-Hz.  Figure  5-1  indicates  that  the  signal-to- 
noise  density  at  baseband  given  this  received  carrier-to-noise 
density  will  be  about  20  dB-Hz. 

Fig.  5-1  also  shows  the  performances  of  phase-locked  receivers 
under  a variety  of  operating  conditions.  The  relationship  between 
IF  signal-to-noise  density  and  baseband  signal -to-noise  density  in 
a tone-modulated  system  with  a high  signal-to-noise  ratio  in  the 
phase-lock  loop  tracking  bandwidth  is  given  by  Eq.  (5-2). 


2J12(6)  for  (SNR) ^ high 


(5-2) 


where  J^(.)  is  the  lst_  order  Bessel  function. 

Figure  5-1  shows  that  given  high  signal-to-noise  ratio  in  the 
loop  bandwidth,  the  phase-locked  receiver  provides  better  per- 
formance than  the  FM  receiver  when  the  signal-to-noise  density  at 
IF  is  less  than  30  dB.  However,  a separate  set  of  points  is 
given  for  the  case  in  which  the  phase-locked  loop  noise  becomes 
substantial,  resulting  in  non-linear  loop  performance.  In  that 
case,  the  effective  baseband  signal-to-noise  ratio  is  reduced  by 


(5-3) 


cos  *rms  = e 


where  d>  is  the  rms  loop  error.  It  is  evident  that  the  PLL 
rms 

demodulator  performance  will  actually  be  little,  if  any,  better 
than  the  conventional  demodulator  performance  with  a 6Khz  IF 
bandwidth.  The  points  which  are  included  on  Fig.  5-1  to  show 
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the  phase-locked  demodulator  performance  assume  a 300  Hz  tracking 
loop  bandwidth.  As  a result,  the  loop  can  require  up  to  3 seconds 
for  acquisition  when  crystal  oscillator  drifts  are  at  their 
expected  maxima  of  +750  Hz.  In  order  to  achieve  rapid  acquisition 
at  all  expected  frequency  offsets  the  phase-locked  loop  tracking 
bandwidth  would  have  to  be  so  wide  that  the  performance  at  low 
signal-to-noise  densities  would  be  inferior  to  that  achieved  with 
an  FM  system.  On  the  other  hand,  superior  performance  (indicated 
by  the  dotted  curves  in  Fig.  5-1)  would  be  achieved  at  substantially 
narrower  tracking  bandwidths  such  as  50  Hz  or  less.  In  that  case, 
many  tracking  loops  would  have  to  be  used  in  parallel  or  a sweeping 
acquisition  technique  would  have  to  be  employed.  The  latter  is 
undesirable  because  the  transmission  time  on  channel  15  is  too 
short . 

It  is  thus  concluded  that  while  a phase-locked  demodulator 
offers  the  potential  for  improved  performance  at  low  signal-to- 
noise  densities  relative  to  the  FM  technique,  such  improvements 
can  only  be  achieved  at  the  expense  of  increased  complexity.  In 
particular,  it  is  estimated  that  a bank  of  20  or  more  phase  lock 
demodulators  with  relatively  narrow  tracking  bandwidths  would 
provide  the  desired  superior  performance.  However,  the  advantage 
is  limited  to  roughly  5-10  dB  in  the  vicinity  of  30  dB-Hz.  The 
phase-locked  technique  does  provide  an  auxiliary  advantage  rela- 
tive to  the  achievable  performance  in  the  presence  of  multiple 
EPIRB  signals.  In  particular,  it  is  possible  for  the  phase-locked 
receiver  to  lock  on  to  one  EPIRB  signal  when  another  stronger 
signal  is  transmitting  co-channel.  Although  this  is  a desirable 
feature,  we  do  not  feel  that  it  justifies  the  greatly  increased 
receiver  complexity  that  the  phase-locked  demodulator  would 
require . 

5.2  RECEIVER  POST-DETECTION  SIGNAL  PROCESSOR 

Figure  5-2  shows  a block  diagram  of  the  receiver  system.  The 
signal  is  received  and  demodulated  by  a commercial  VHF-FM  receiver 
module.  The  receiver  is  modified  so  that  the  IF  bandwidth  is  12 
kHz.  The  discriminator  output  of  the  receiver  drives  two  bandpass 
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filters  which  are  tuned  to  the  selected  tone  frequencies  at  1300 
Hz  and  2200  Hz.  The  outputs  of  these  filters  are  summed  together 
and  amplified  to  provide  an  extremely  narrow  filtered  audio  output. 
This  audio  output  will  be  less  vulnerable  to  noise  problems  than 
an  ordinary  FM  output.  The  bandpass  filters  also  drive  envelope 
detectors.  The  outputs  of  the  envelope  detectors  are  converted 
to  a digital  bitstream  in  a comparator  which  provides  a logic  in- 
put to  a digital  microprocessor  system.  The  microprocessor  system 
provides  a number  of  functions.  In  particular,  it  searches  for  the 
distress  message  preamble  sequence  and  when  it  is  found,  it  decodes 
the  distressed  vessel  identification  number  and  distress  status. 

The  analysis  above  has  shown  that  the  worst  case  signal-to- 
noise  ratio  at  the  FM  receiver  discriminator  output  is  approximately 
20  dB-Hz.  The  design  goal  for  the  3 dB  bandwidth  of  the  bandpass 
filters  will  be  10  Hz.  This  corresponds  to  a noise  bandwidth  of 
15.7  Hz,  resulting  in  a signal -to-noise  ratio  at  the  output  of  the 
bandpass  filters  of  8 dB.  At  this  level  there  should  be  no  loss 
in  signal-to-noise  ratio  through  the  envelope  detection  process. 

In  fact,  there  may  be  a slight  gain.  The  next  stage  in  the  detec- 
tion process  is  to  compare  the  amplitudes  at  the  outputs  of  the 
detector  and  to  quantize  the  difference  between  the  amplitudes  to 
1-bit.  The  1-bit  data  is  then  supplied  as  input  for  processing 
by  the  microprocessor.  The  1-bit  quantization  will  result  in  a 
1.96  dB  loss  in  detection  performance.  Thus,  the  equivalent  input 
signal-to-noise  density,  worst-case,  becomes  18  dB-Hz. 

The  microprocessor  program  is  designed  to  carry  out  a 1-bit 
correlation  of  the  received  data  from  the  comparator  against  a 
stored  replica  of  the  5-second  preamble  sequence.  This  means  that 
the  minimum  energy- to-noise  density  per  5-second  detection  decision 
is  18  + 7 = 25  dB.  The  design  goal  per  transmission  was  901 
probability  of  detection  at  10  6 probability  of  false  alarm.  This 
level  of  performance  requires  an  energy-to-noise  density  of  13  dB. 
Thus,  the  design  values  selected  provide  nominally  12  dB  of  margin. 
This  margin  should  be  adequate  to  cover  any  anticipated  signal 
fading.  For  example,  if  it  is  assumed  that  the  received  signal  is 
Rayleigh  fading,  the  fluctuation  loss  at  probability  of  detection 
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of  901  and  probability  of  false  alarm  of  1 x 10  requires  only  an 
additional  8 dB.  (Ref.  9) 

In  order  to  insure  accurate  data  decoding,  bit  synchronization 
must  be  accurate  to  within  10%  of  a chip  duration.  At  this  level 
the  loss  in  performance  due  to  synchronization  error  is  nominally 
1 dB.  The  minimum  energy- to-noise  density  per  code  chip  in  the 
preamble  is  approximately  12  dB  given  20  dB-Hz  at  the  output  of 
the  discriminator,  2 dB  binary  detection  loss,  and  one-quarter 
second  chip  duration.  A recent  study  of  the  type  of  system  pro- 
posed for  the  EPIRB  receiver  has  shown  that  a 10%  rms  error  is 
achievable  when  the  chip  energy-to-noise  density  is  approximately 
6 dB.^c^’  This  means  that  the  bit  synchronization  portion  of 

the  data  detection  and  decoding  operation  has  a 7 dB  margin  given 
the  design  parameters  selected. 

During  the  latter  10  seconds  of  the  channel  15  transmission 
interval,  the  vessel  identification  number  and  distress  code  level 
are  transmitted  at  a 5-bit  per  second  rate.  Thus,  the  energy-to- 
noise  density  per  bit  is  12  dB.  This  estimate  includes  the  2 dB 
binary  detection  loss.  It  is  reasonable  to  assume  that  the  per- 
formance achievable  by  this  system  will  be  comparable  to  that 
achieved  by  an  incoherent  FSK  data  link.  Thus,  it  is  estimated 

that  the  bit  error  rate  given  E/N„  = 12  dB  is  approximately  1 x 

-4  u 

10  . 

It  is  possible  to  improve  decoder  performance  by  increasing 
the  channel  15  ON  time.  This  will  accentuate  the  battery  energy 
storage  problem  and  will  reduce  the  multiple  EPIRB  detection 
performance.  Alternatively,  it  is  possible  to  redistribute  the 
15  second  channel  15  ON  time  between  the  prekey  and  data  trans- 
mission intervals.  This  approach  will  reduce  the  distress  message 
automated  detection  capability  and  will  increase  bit  synchroniza- 
tion error.  Such  a trade  seems  hardly  appropriate  because  the 
decoding  process  cannot  begin  unless  detection  has  been  achieved. 
All  things  considered,  it  would  appear  that  the  selected  system 
parameters  are  in  the  desired  ranges  for  this  system.  Further 
refinement  should  be  carried  out;  for  example,  the  design  presented 
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here  incorporates  error  coding  capability  for  the  distress  level 
portion  of  the  message.  It  does  not  provide  for  error  correction 
coding  of  the  vessel  identification  number.  However,  this  may  not 
be  absolutely  essential  at  the  beginning  of  the  distress  trans- 
mission interval.  It  is  probable  that  through  digital  combining 
of  a number  of  distress  message  transmissions  that  the  correct 
vessel  identification  number  can  be  derived  without  the  aid  of 
further  error  correction  coding.  In  any  event,  error  correction 
could  provide  significant  improvement  in  data  message  detection. 
The  necessary  algorithms  can  easily  be  handled  by  the  micro- 
processor already  incorporated  into  the  system. 

5.5  RECEIVER  IMPLEMENTATION 

A receiver  was  designed  and  built  to  demodulate  and  process 
the  Ch.  15  distress  signal.  The  receiver  employs  sophisticated 
digital  data  processing  to  extract  the  EPIRB  identification 
number  and  distress  level.  This  information  is  displayed  on  a 
front  panel  readout  and  can  also  be  printed  out  on  a teletype  or 
other  hard  copy  machine. 

A block  diagram  of  the  receiver  is  presented  in  Fig.  5-2. 

The  operation  of  the  receiver  is  as  follows:  The  EPIRB  signal 
from  the  antenna  is  applied  to  an  FM  receiver.  For  the  purposes 
of  the  experimental  system  this  receiver  was  implemented  using  a 
VHF  Engineering  Model  RX144  Receiver  Module.  This  receiver  was 
modified  so  that  improved  IF  bandwidth  characteristics  were  ob- 
tained. In  particular,  the  IF  filter  bandwidth  for  the  experi- 
mental system  was  12  kHz.  As  indicated  in  the  previous  discussion 
and  shown  in  Fig.  5-1  a 6 kHz  filter  would  provide  slightly  better 
performance,  however,  the  necessary  filter  could  not  be  procured 
and  installed  in  the  allowable  time;  consequently,  a readily 
available  filter  was  used. 

The  audio  output  of  the  receiver  is  applied  to  a pair  of 
bandpass  filters  at  1300  Hz  and  2200  Hz,  the  FSK  tone  frequencies. 
These  filters  should  have  3 dB  bandwidths  of  1/T,  where  T is  the 
bit  duration.  Since  the  experiments  were  conducted  using  1/8 
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second  bit  duration,  the  bandpass  filters  should  have  8 Hz  band- 
widths.  In  fact,  the  experimental  system  used  commercially  avail- 
able filters  which  were  somewhat  wider,  roughly  18  Hz.  The  out- 
puts of  the  bandpass  filters  are  detected  to  determine  a measure 
of  the  amplitude  in  each  of  the  bandpass  filters.  The  detectors 
in  the  experimental  system  were  implemented  using  analog  multi- 
pliers, which  provided  nearly  ideal  square  law  detection  charac- 
teristics. Under  poor  signal - to-noise  ratio  conditions,  it  can  be 
shown  that  square  law  detection  characteristics  are  optimum  with 
respect  to  small  signal  suppression  effects. 

The  envelopes  of  the  two  filters  are  compared  in  a comparator. 
The  result  of  the  comparison  produces  a high  or  low  TTL  level  at 
the  output  of  the  comparator  depending  on  whether  the  1300  Hz 
filter  output  exceeds  the  2200  Hz  filter  output  or  vice  versa.  The 
bandpass  filter  outputs  are  also  summed  in  an  analog  fashion  and 
applied  to  a front-panel  mounted  speaker  for  audio  alerting  pur- 
poses . 

The  logic  output  of  the  comparator  is  applied  to  a micro- 
processor system.  The  microprocessor  was  implemented  using  an 
Intel  SBC80/10,  which  is  a commercially  available  module  using  the 
Intel  8080  microprocessor  chip.  The  microprocessor  interfaces 
with  front-panel  control  inputs,  a Burroughs  self-scanned  display 
and  in  addition  a teletype  RS-232/C  interface  is  provided  on  the 
rear  panel. 

When  the  system  is  turned  on,  a front  panel  pushbutton  resets 
the  system,  and  the  program  is  set  to  the  monitor  mode.  In  this 
mode,  the  program  samples  the  output  of  the  comparator  and  checks 
for  correlation  between  the  noisy  bit  pattern  received  from  the 
comparator  and  a stored  replica  of  the  preamble  sequence.  If  and 
when  the  correlation  score  exceeds  a set  threshold,  the  program 
leaves  the  monitoring  mode  and  proceeds  to  search  for  the  peak  of 
the  correlation  function.  Once  the  peak  finder  locates  the  cor- 
relation maximum,  a simple  manipulation  determines  the  bit 
synchronization  timing  for  the  digital  message  which  follows  the 
preamble  sequence.  The  program  then  proceeds  to  sample  and  store 
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the  message  bits.  These  are  displayed  at  the  end  of  the  message 
interval  on  the  front  panel  mounted  readout.  A separate  teletype 
program  is  provided  which  prints  out  the  received  message  along 
with  time-of-day  and  the  correlation  score  which  triggered  the 
data  extraction  process. 
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6,  TEST  PROGRAM 


6.1  TEST  SUMMARY 

Two  prototype  EPIRBs  were  constructed  for  the  initial  tests. 
The  first  unit  was  designed  as  a test  bed  and  reference  for  com- 
parison. It  transmitted  a continuous  signal  which  alternated 
between  modulated  and  Civ'  transmissions.  The  second  unit  was  the 
first  prototype  water-deployable  unit  with  varying  duty  cycle. 
Using  these  two  transmitters,  a detailed  field  test  was  conducted 
during  July  and  August,  1977.  Table  6-1  summarizes  the  test 
results.  The  tests  conducted  were  as  follows: 

a.  A series  of  measurements  were  made  at  carefully 
calibrated  distances.  A 41  foot  cutter  served 
as  a signal  source,  carrying  the  two  test  units 
to  previously  designated  positions.  The  proto- 
type EPIRB  was  deployed  in  the  water,  while  the 
TSC  test  transmitter  stayed  on  board  the  cutter. 

An  instrumented  TSC  Van  was  used  as  a shore- 
based  receiving  site.  At  this  site,  measurements 
were  made  of  signal  level  versus  range  during  all 
tests.  These  measurements  were  then  compared  with 
two  sets  of  analytical  predictions.  The  measured 
signal  level,  in  all  cases,  was  the  same  as,  or 
greater  than  the  predicted  level,  thus  validating 
the  accuracy  of  the  predicted  level. 

b.  One  Coast  Guard  cutter  was  equipped  with  a Dome 
and  Margolin  homing  direction  finder.  Tests  of 
homing  ability  were  then  performed  using  this 
cutter,  and  a homer-equipped  Coast  Guard  helicopter. 

The  prototype  EPIRB  was  deployed  in  the  water,  at 
various  carefully  located  sites.  The  cutter  and 
helicopter  then  attempted  to  home  on  the  EPIRB  from 
various  distances.  The  41  foot  cutter  consistently 
homed  directly  to  the  EPIRB  from  a range  of  8 
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TABLE  6-1.  TEST  PROGRAM  RESULTS 

1. 

Reception  and  homing  range  to  41  foot  cutter  8 miles 

Reception  range  to  conventionally  equipped 

shore  station  20  miles 

Reception  range  to  shore  station  equipped 

with  special  EPIRB  receiver  30-35  miles 

Reception  Range  to  HH-S2A  Helicopter: 

Communications  30-35  miles 

Homing  18-20  miles 

2. 

Channel  17  transmit  time  of  2 seconds  provides  reliable 

audible  alert -- shorter  times  unreliable  when  VHF 

traffic  density  is  high. 

3. 

Channel  15  transmit  time  of  10  seconds  is  too  short  for 
reliable  homing  under  all  conditions- -recommend  15  seconds. 

4.  Two-tone  alert  signal  demonst rated  to  be  highly  audible. 

rr 

Shore-based  DF  located  EPIRE  with  accuracy  of  1-3  degrees. 

nautical  miles.  The  helicopter  homer  could  not 
home  reliably  at  a range  of  more  than  10-12 
nautical  miles,  at  altitudes  of  500-1500  feet. 
However,  when  the  helicopter  receiver  was 
switched  out  of  the  "homing"  mode,  the  EPIRB 
signal  could  be  received  at  ranges  greater  than 
20  miles.  Discussion  with  the  helicopter  pilots 
revealed  that  it  was  normal  to  experience  a large 
loss  of  sensitivity  when  operating  in  the  "homing" 
mode.  This  is  not  true  of  the  homers  used  on 
cutters,  and  is  believed  to  be  due  to  a poor 
antenna  design  on  the  helicopter. 

c.  Three  automatic  read-out  radio  direction  finders 
were  then  installed  at  the  shore  receiving  site. 
These  direction  finders  were  selected  as  typical 
commercial  units  available  for  use  in  this  fre- 
quency band.  A series  of  tests  were  performed  at 
different  angles  and  ranges.  These  results 
demonstrated  the  ability  of  all  three  direction 
finders  to  make  quick,  accurate  bearing  measure- 
ments on  the  EPIRB  signal.  Typically,  accuracies 
of  1 to  3 degrees  were  observed. 

d.  Four  more  prototype  EPIRBs  were  designed  and  built. 
These  units  were  carefully  sealed  and  pressurized, 
because  of  leakage  problems  and  resultant  corrosion 
problems  with  the  first  unit.  A special  purpose 
EPIRB  receiver  was  also  designed  and  built.  This 
receiver  has  the  capability  to  receive  and  process 
the  EPIRB  signal,  automatically  generating  an  ALERT 
signal  and  providing  a readout  of  the  identification 
and  situation  data  if  encoded  on  the  EPIRB  trans- 
mission. This  receiver  was  installed  and  tested  at 
the  shore  site.  The  EPIRB  signal  was  detected  and 
the  ALERT  signal  generated  at  a range  of  30  miles 
from  the  shore  site. 
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The  complete  shore-based  facility  was  then  re-installed  in 
the  Coast  Guard  station  located  at  Point  Allerton,  Hull,  Massa- 
chusetts. On  September  28,  1977,  a system  demonstration  was 
performed  for  an  audience  of  personnel  from  the  Coast  Guard,  FCC 
and  NASA.  During  the  demonstration,  EPIRBs  were  placed  in  the 
water  at  two  different  locations  within  the  Boston  Harbor  area. 

The  EPIRB  signal  was  received  at  the  Point  Allerton  station  in  a 
simulated  Search  and  Rescue  alert.  A Coast  Guard  cutter  equipped 
with  a homing  direction  finder  was  dispatched  to  locate  and  re- 
cover the  EPIRBs.  The  radio  direction  finders  installed  at  the 
station  provided  an  initial  bearing  from  the  station  to  each  EPIRB. 
This  bearing  was  used  by  the  rescue  cutter  to  establish  an  initial 
heading.  The  cutter  then  conducted  a search,  finally  homing  on 
the  EPIRB  signal,  using  an  on-board  homing  direction  finder. 

This  demonstration  was  considered  highly  successful  by  all 
those  in  attendance.  The  complete  equipment  set-up  performed 
normally;  the  rescue  cutter  located  and  recovered  both  EPIRBs 
within  one  hour. 

6.2  SIGNAL  STRENGTH  TESTS 

The  analysis  of  propagation  and  signal  attenuation  presented 
in  section  2.2  resulted  in  a recommended  EPIRB  power  output  of 
one  watt  to  achieve  a range  of  20  nautical  miles.  In  order  to 
verify  this  prediction  and  also  to  quantify  the  expected  signal 
level  versus  range,  a series  of  tests  were  made  using  a prototype 
EPIRB.  For  these  tests,  a shore  station  was  established  on  a 
point  of  land  near  Winthrop  Highlands,  Massachusetts,  about  five 
miles  north  of  the  entrance  to  Boston  Harbor.  The  area  around  the 
test  site  consisted  of  a clear  flat  field  for  200  yards,  terminat- 
ing at  a low  bluff  approximately  20  feet  above  sea  level.  At  the 
test  site  an  instrmented  equipment  van  was  parked  at  the  edge  of 
the  bluff,  with  the  receiving  antennas  mounted  on  the  van  roof. 

Thus  the  height  of  the  receiving  antenna  was  about  30  feet  above 
sea  level. 
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The  van  was  equipped  with  a calibrated  reference  dipole  whose 
output  was  fed  to  the  receiving  system  through  a known  length  of 
coaxial  cable.  The  received  signal  was  displayed  on  a Hewlett- 
Packard  spectrum  analyzer.  Initial  signal-level  calibration  was 
provided  by  feeding  a known  signal  level  into  the  antenna-end  of 
the  cable  from  antenna  to  the  receiver. 

For  the  initial  tests,  two  transmitters  were  used.  The  first 
transmitter  had  an  output  power  of  2 watts,  using  a dipole  antenna 
and  transmitted  a signal  which  alternated  between  a two-tone 
modulation  and  a CIV  signal.  The  second  transmitter  was  a proto- 
type EPIRB.  The  EPIRB  was  watertight  and  designed  for  water 
deployment.  This  unit  transmitted  the  chosen  EPIRB  modulation, 
as  described  in  sections  2.4  and  4.1. 

The  test  procedure  was  as  follows: 

1.  The  mobile  van  proceeded  to  the  test  site  at 
Winthrop  Highlands.  When  on  site,  antennas  were 
erected  and  receiving  equipment  was  calibrated. 

2.  The  two  test  EPIRBs  were  placed  aboard  a Coast 
Guard  41  foot  cutter.  The  cutter  then  proceeded 
to  the  first  test  location  for  the  day.  All  tests 
were  conducted  in  the  vicinity  of  known  navigational 
marks,  principally  buoys.  Therefore,  the  distance 
from  the  test  site  to  the  EPIRB  could  be  measured 
from  the  area  chart. 

3.  Communication  was  established  between  the  shore 
receiving  site  and  the  test  cutter.  Upon  request, 
the  cutter  personnel  would  first  energize  the  test 
transmitter  at  a known  location  aboard  the  cutter. 

Reception  of  this  signal  established  a reference  signal 
level  for  an  unmodulated  carrier  and  for  a typical 
EPIRB  modulation,  transmitted  from  a fixed  platform. 

When  the  reference  level  had  been  measured,  the  test 
transmitter  was  turned  off;  the  EPIRB  was  then  turned 
on  and  deployed  in  the  water,  10  to  20  feet  from  the 
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cutter.  The  shore  station  then  measured  the  received 
level  from  the  EPIRB,  also  noting  the  range. 

For  these  tests,  all  test  transmissions  were  conducted  on 
Channel  15.  A series  of  measurements  were  made  to  a number  of 
different  locations,  corresponding  to  various  buoys  around  the 
outer  Boston  Harbor  area  (see  Fig.  6-1).  The  data  from  these 
tests,  in  the  form  of  a graph  showing  signal  level  versus  range, 
is  depicted  in  Figure  6-2.  Also  included  on  this  graph 
are  two  theoretical  curves--one  for  the  plane  smooth  earth 
model,  and  the  other  a similar  model  which  includes  diffraction 
over  a smooth  spherical  earth. 

The  data  are  shown  for  two  receive  antenna  positions- -the  top 
of  the  TSC  mobile  van  and  mounted  at  the  base  of  the  bluff  below 
the  van,  with  a physical  antenna  height  of  5-10  feet  (depending 
on  the  height  of  tide) . The  important  thing  to  note  about  this 
data  is  the  excellent  agreement  with  theoretical  prediction.  In 
general  the  data  points  lie  either  between  the  two  predicted 
curves,  or  directly  on  the  spherical  earth  curve.  From  this  we 
conclude  that  one  watt  of  power,  into  a well-matched  quarter-wave 
antenna  will  provide  sufficient  signal  for  a reliable  alert  to  20 
nautical  miles. 

6.5  CUTTER  RECEPTION  TESTS 

The  signal  strength  tests  primarily  were  intended  to  provide 
data  on  reception  range  at  shore  stations.  However,  a 41  foot 
cutter  was  also  equipped  with  Channel  15  reception  capability. 
Quantitative  signal  strength  tests  were  not  conducted  on  board 
the  cutter;  instead,  the  cutter  crew  merely  verified  whether  or 
not  they  had  good  reception.  By  this  means  it  was  determined  that 
the  EPIRB  signal  could  be  received  by  the  41  foot  cutter  with  high 
reliability  out  to  a range  of  approximately  8 nautical  miles. 
Signals  were  occasionally  heard  at  a range  of  12  miles,  however, 
the  reception  was  extremely  erratic. 
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6.4  EPIRB  RECEIVER  TESTS 


The  next  set  of  tests  was  designed  to  verify  reception  range 
by  the  special  EPIRB  receiver  described  in  section  5.  In  order  to 
perform  this  test,  the  EPIRB  was  deployed  by  the  cutter  at  a series 
of  locations  with  gradually  increasing  range.  Cutter  location  was 
determined  by  reception  of  Loran-C  signals  at  the  cutter  with  a 
commercial  Loran-C  receiver.  At  each  test  location,  the  EPIRB 
receiver  verified  correct  reception  by  teletype  printout  of  an 
identification  number  transmitted  by  the  EPIRB. 

This  reception  was  perfect  out  to  approximately  21  nautical 
miles.  Beyond  this  range,  signal  reception  was  quite  erratic,  as 
deep  fading  was  encountered.  This  was  due  to  the  relatively  low 
height  (30  feet)  of  the  receiving  antenna,  plus  substantial  swells 
(3-6  feet)  in  the  test  location.  Accordingly,  a directional 
antenna  with  approximately  9 dB  gain  was  substituted  for  the 
standard  dipole  receive  antenna.  This  was  equivalent  to  increasing 
the  antenna  height  by  a factor  of  2.8  (to  approximately  85  feet). 
With  this  antenna,  the  EPIRB  receiver  received  and  printed  out  the 
correct  ID  every  time,  out  to  a range  of  33  nautical  miles.  This 
test  verified  the  design  range  of  the  EPIRB  receiver,  as  the  unit 
was  designed  for  reception  to  30  miles. 

6.5  SYSTEM  DEMONSTRATION 

Upon  completion  of  the  test  program,  the  receiving  test  site 
was  moved  to  the  roof  of  the  Pt . Allerton  Coast  Guard  Station,  Hull, 
Massachusetts  in  preparation  for  a system  demonstration  to  be  per- 
formed for  personnel  from  the  Coast  Guard,  FCC , 8 NASA.  The 
demonstration  included  homing  and  location  of  EPIRBs  from  Coast 
Guard  Cutters,  and  the  use  of  shore-based  direction  finding  as  a 
Search  and  Rescue  aid.  Due  to  the  presence  of  considerable  land 
masses  to  the  east  and  southeast  of  the  station,  which  completely 
blocked  line-of-sight  paths  from  the  ocean  surface  to  the  antenna 
locations,  preliminary  testing  of  DF  reception  from  various  azimuths 
was  conducted.  Two  EPIRB  test  locations  were  selected  which  in- 
cluded significant  close-in  land  blockage  in  the  line  of  sight  to 
the  receiving  antenna:  7.6  mi  on  a bearing  of  119°M  and  approxi- 
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mately  the  same  distance  on  a bearing  of  068°.  No  usable  DF 
bearings  were  attained  on  either  path.  This  contrasts  with  the 
Winthrop/LNB  test  point,  a clear  path  of  the  same  range,  where 
bearings  within  +5°  of  measured  bearing  were  obtained  from  each 
of  the  three  DF  test  units.  After  this  directionality  was 
established  further  testing  was  restricted  to  the  areas  to  the 
north  and  northeast  of  the  station  (Boston  Harbor,  Winthrop, 

Nahant  areas)  and  results  similar  to  the  Winthrop  results  were 
attained. 

On  September,  28,  1977,  the  demonstration  was  performed.  An 
EPIRB  was  deployed  in  the  President  Roads  anchorage  area  approxi- 
mately 4 nmi  from  the  Pt . Allerton  Station.  Immediately  upon 
receipt  of  the  signal  by  the  Pt.  Allerton  radio  watch,  the  station 
dispatched  a 41  foot  cutter  and  requested  a bearing  from  the  DF 
room.  This  bearing  was  then  transmitted  to  the  cutter,  which  was 
underway  but  not  clear  enough  to  use  its  homer.  Upon  reaching 
open  water,  the  cutter  obtained  a homer  bearing,  which  was  within 
a few  degrees  of  the  initial  bearing  measured  from  the  station. 

The  cutter  proceeded,  pausing  to  search  the  Southeast  shore  of 
intervening  Long  Island,  to  home  on  and  recover  the  first  EPRIB. 
Prior  to  completion  of  the  first  recovery,  a second  EPIRB  was 
deployed  at  a point  approximately  one  nautical  mile  east  of 
Winthrop  Highlands  (5  nmi  from  the  station)  and  the  cutter  was 
given  a bearing  to  the  second  EPIRB  from  Pt.  Allerton.  This  time, 
since  the  cutter  was  not  collocated  with  the  land  based  DF,  the 
cutter's  homing  bearing  was  used  with  the  land  based  bearing  to 
determine  the  bearing  and  distance  to  the  EPIRB.  Thus,  it  was 
not  necessary  to  search  the  shore  of  intervening  Deer  Island  on 
the  trip  to  the  second  EPIRB.  The  rescue  cutter  located  and 
recovered  both  EPIRBs  within  one  hour  after  the  first  alert. 

Shore  bearings  taken  during  the  demonstration  were  within  l°-3° 
of  the  actual  bearing  to  the  EPIRB. 
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/•  CONCLUSIONS  AND  RECOMMENDATIONS 


The  results  of  this  investigation  are  best  summarized  in  the 
following  conclusions  and  recommendations.  The  recommended  EPIRB 
parameters  are  summarized  in  Table  7-1. 

1.  An  EPIRB  output  power  of  one  watt  will  provide  highly 
reliable  reception  at  a range  of  20  nautical  miles,  pro- 
vided that: 

a.  The  receiver  antenna  is  located  100  feet  or 
more  above  sea  level. 

b.  The  EPIRB  transmitting  antenna  design  provides 
good  radiation  characteristics  at  low  elevation 
angles.  "Good"  is  here  defined  as  equivalent  to 

a true  isotropic  antenna;  i.e.,  a net  gain  of  no 
less  than  2 dB  below  a dipole. 

2.  The  EPIRB  need  not  transmit  continuously.  Rather, 
the  transmission  should  be  for  short  (10-20  seconds) 
periods,  with  longer  (30-60  seconds)  periods  of  no 
transmission.  This  has  been  shown  to  provide  efficient 
operation  with  substantial  savings  in  battery  power  and 
no  loss  of  information.  Further,  it  is  recommended  that 

the  EPIRB  transmission  should  initially  be  relatively  frequent, 
about  once  per  minute;  it  should  then  gradually  slow  down,  so 
that  after  approximately  eight  hours  the  transmissions 
will  occur  only  10-12  times  per  hour. 

3.  The  EPIRB  can  be  equipped  to  transmit  low  bit  rate 
(eight  bits  per  second)  digital  data  on  Channel  15. 

Such  data  transmission  can  be  used  to  provide  the  fol- 
lowing features: 

a.  User  identification.  A 20  bit  digital  code, 
with  a different  code  built  into  each  unit  at  time 
of  manufacture,  will  provide  a unique  identity  for 
up  to  one  million  users.  The  number  of  unique 
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TABLE  7-1.  RECOMMENDED  EPIRB  PARAMETERS 


Power  Output 

1 watt  EIRP 

Center  Frequency 

Alternately  on  VHF  channels 

15  and  16 

Transmission  Cycle 

1/minute  initially,  decaying 
to  11  times/hour 

Modulation 

1300  and  2200  Hz  tones  alter- 
nating 4 times/second. 

(Channel  16);  FSK  DATA 
transmission  at  8 bits/second 
using  the  same  tones  (Channel 
15)  . 

Transmit  Sequence 

Channel  16  (2  seconds)  , switch 
to  channel  15  (15  seconds, 

switch  to  channel  16  (2 

seconds) 

Frequency  Stability 

+ 5 parts  per  million,  over 
the  temperature  range  of 

- 20°C  to  + 50 °C . 

Battery  Life 

2 years  storage,  24  hours 
operating  at  minimum 

temperature 

Initial  Turn-on 

Manual  switch  with  manually 

erected  antenna. 

Unit  shall  float  upright,  with  complete  watertight  integrity  over 
the  operating  lifetime. 
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identities  is  easily  increased;  a 25  bit  code  will 
identify  33  million  users  and  a 30  bit  code  will 
suffice  for  up  to  one  billion  users.  At  8 bits 
per  second,  this  will  require  less  than  four 
seconds  of  transmission  time. 

b.  Situation  encoding.  A three  bit  code  can 
generate  information  as  to  eight  different  situa- 
tions or  types  of  distress,  entered  by  an  external 
switch  on  the  EPIRB.  Some  knowledge  as  to  the 
nature  of  the  distress  situation  would  be  extremely 
desirable;  however,  there  is  some  evidence  that  most 
people  will  exaggerate  the  seriousness  of  the 
distress . 

4.  The  recommended  EPIRB  modulation  consists  of  a two-tone 
FSK  signal.  The  tones  used  are  1300  Hz  and  2200  Hz.  Each 
transmission  consists  of.  a short  (1-2  second)  burst  of  tones 
on  Channel  15,  followed  by  a longer  (15  second)  burst  on 
Channel  15  after  which  the  Channel  16  transmission  repeats. 
Each  Channel  16  signal  consists  of  the  two  tones  alternating 
four  times  per  second;  the  Channel  15  transmission 
utilizes  the  same  two  tones  to  transmit  FSK  data. 

5.  In  areas  of  high  boating  activity  and  consequent  high 
traffic  density  on  Channel  16,  reliable  reception  of  the 
EPIRB  transmission  on  Channel  16  can  be  very  uncertain. 
Consequently,  the  Coast  Guard  should  consider  monitoring 
Channel  15  in  high  traffic  density  areas.  It 

was  demonstrated  on  this  program  that  a receiver  could 
be  designed  to  correlate  the  Channel  15  data  transmission 
so  as  to  provide  highly  reliable  alert  detection  at  low 
signal  reception.  This  receiver  provided  the  following 
features . 

a.  Automated  detection  of  an  alert  on  Channel  15, 
thus  minimizing  the  requirement  for  additional 
watch- standers . 
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d.  A simple,  low  cost  implementation,  provided 
by  microprocessor  control  of  all  post -detect ion 
processing . 


Accordingly,  it  is  recommended  that  the  Coast  Guard  implement 
shore  stations  with  a production  version  of  this  receiver,  so  as 
to  take  maximum  advantage  of  the  Channel  15  transmission. 
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be  designed  to  correlate  the  Channel  15  data  transmission 
so  as  to  provide  highly  reliable  alert  detection  at  low- 
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APPENDIX  A 


COMPUTER  EVALUATION  OF  RECEIVED  SIGNAL  STRENGTH- 
SPHERICAL  EARTH  AND  SURFACE  ROUGHNESS  INCLUDED 

NOTE:  THIS  WORK  WAS  PERFORMED  BY  GTE/SYLVANIA 

COMMUNICATIONS  SYSTEMS  DIVISION  ON  PURCHASE 
ORDER  NUMBER  TS-13-777. 


A . 1 INTRODUCTION 

The  performance  of  the  proposed  maritime  navigational  beacon 
system  and  of  the  associated  direction  finder,  to  be  deployed 
with  surface  vessels  in  the  coastal  waterways,  depends  on  the 
precise  sizing  of  the  transmitted  power  if  the  system  is  to 
remain  effective  in  all  circumstances  and  at  distances  encompass- 
ing most  of  the  expected  traffic. 

To  facilitate  such  a sizing  it  is  necessary  to  predict  the 
field  strength,  at  the  indicated  frequency,  in  the  sea  environ- 
ment. That  environment  implies  a propagation  path  which  is, 
generally,  highly  conducting  and  can  be,  potentially,  rough. 
Furthermore,  because  of  the  limitations  on  antenna  heights,  much 
of  the  service  area  is  expected  to  be  below  the  horizon  and, 
therefore,  accessible  only  by  the  groundwave. 

A. 2 SCOPE  OF  CALCULATIONS 

The  propagation  prediction  is  made  for  an  electromagnetic 
field  transmitted  at  156.8  MHz  over  a sea  path  characterized  by 
the  sea  state  0,  1,  2,  3,  6,  and  9.  The  transmitting  antenna  is 
assumed  to  be  a ground-based  quarter-wave  monopole.  The  radiated 
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power  is  1.  watt.  Reception  at  heights  from  0.  to  3048.  meters 
is  indicated.  The  resulting  ground  distances,  dictated  by  the 
requirements  of  constant  field  of  30.,  10.,  3.,  1.,  and  .3  and 
.1  pV/m,  extend  to  300.  km. 

The  computation  is  repeated  for  a fresh  water  path  but  only 
for  "sea  state"  0 (i.e.,  0.  wind  velocity).  The  reason  for  this 
limitation  is  given  below. 

A. 3 LIMITATIONS 

The  computer  codes  used  in  the  present  computation  are  based 
on  the  results  of  work  done  by  van  der  Pol  and  Bremmer^ , 

Barrick2  and  KaliszewskiJ’^.  So  far  as  their  use  at  VHF  and  in  a 
sea  environment  is  concerned  certain  assumptions  implied  in  the 
above  analyses  must  be  scrutinized  and,  in  particular,  those  de- 
fining the  limitations  on  the  validity  (and  use)  of  the  concepts 
of  the  surface  impedance,  of  the  apparent  conductivity  and  of  the 
roughness  criteria. 


A. 3.1  Normalized  Surface  Impedance 


The  implied  limitation  on  that  parameter  is 

I A | < 1 

where  A _ 1 

Jzr  — i60Ao 


Here,  er  is  a relative  dielectric  constant  of  the  ground,  A - 
is  a wavelength,  in  free  space,  in  meters  and  a - is  conductivity 
in  mhos/m. 

In  our  case  we  have: 

I.  Sea  Path:  er  = 80 

cr  = 4.  mhos/m 
f = 158.6  MHz 
A = 1.913  meters 

Consequently, 

| A | = 0.0463  <<  1. 
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and  the  criterion  is  satisfied  in  sea  environment. 


II.  Fresh  Water  Path:  e = 80. 

r 

o = 0.01 


| A | = .112  < 1. 


We  conclude,  therefore,  that  the  implied  limitation  on  the  bound- 
ary condition  is  satisfied  in  both  cases. 


A. 3. 2 Apparent  Conductivity 

Crucial  to  the  use  of  the  concept  of  the  apparent  conducti- 
vity is  the  assumption 

A : - + i 4 5 0 

/60TcFe 


or 


(60Ao)  > c r • 

In  sea  environment: 

60  Aa  = 459.  > 80. 

In  fresh  water  environment: 
60  Ao  = 1.148  < 80. 


We  conclude,  therefore,  that  without  further  analysis  the 
concept  of  an  apparent  conductivity  cannot  be  used  in  fresh  rough 
water  environment.  Consequently,  we  limit  our  computation  here  to 
SS  = 0 (i.e.,  0.  wind  velocity). 

A. 3. 3 Roughness  Criteria 

The  assumption  underlying  Barrick's  analysis  (and  the  present 
prediction  program)  is  that  the  roughness  of  the  propagation  path 
be  "slight" , i.e., 

CKqC) 2 < 1 

where 

Ko  = 2 tt  / A 
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and  £ - is  the  surface  height  above  a mean  level. 


For  a wind  driven  sea  surface  we  have  the  following  theore- 
tical relation: 

h = 4.345.10'3/U5 

where  U is  the  wind  velocity  in  meters/sec. 

2 

By  setting  = 1 we  obtain  the  upper  limit  of  applica- 

bility and,  hence, 

h ~ .3045  meters 

and 

U ~ 5.473  m/ sec . 

corresponding,  roughly,  to  sea  state  2. 

A little  more  relaxed  criterion  is  obtained  from  the  relation 
(implied  in  the  program)  derived  from  the  Phillips  model  of  the 
sea  surface: 

(K0.a)2  < 1. 

where 


2 

B = 0.005 

g = 9.81  m/sec . 2 
Hence,  at  158.6  MHz, 

a ~ .3045  meters 

and 

U ~ 7.73  m/ sec . 

or,  roughly,  corresponding  to  sea  state  3. 

We  conclude,  therefore,  that  the  existing  program  can  be  used 
readily  up  to  sea  state  3.  In  fact  we  have  exercised  it  also  at 
sea  states  6 and  9 and  find  the  results  to  be  quite  agreeable  al- 
though, as  indicated  above,  we  cannot  justify  the  validity  of  the 
results  at  these  high  sea  states. 
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A.  4 RESULTS 

As  already  noted  the  results  consist  of  a set  of  computer 
printouts  and  a set  of  field  contour  plots.  The  computer  print- 
outs, because  of  their  size,  are  not  included  in  this  report. 

Each  of  the  printouts  is  identified  by  the  following  para- 
meters: frequency  (in  MHz),  radiated  power  (in  KIV)  , gain  (rela- 

tive to  a short  monopole),  wind  velocity  (in  meters/sec.),  trans- 
mitter and  receiver  height  (in  meters).  In  addition  we  identify 
the  polarization  and  the  model  of  refractive  atmosphere  (standard, 
implying  a 4/3  earth  radius).  Also  listed  is  the  distance  to 
horizon  (in  km) . For  definition  of  this  quantity  and  also  of 
SIG.DBW  refer  to  the  enclosed  STN. 

To  construct  the  field  contours  an  intermediate  step  con- 
sisting of  a plot  of  the  field  strength  versus  distance  (for 
constant  height)  is  used.  These  plots  are  not  shown.  Contours 
of  constant  field  strength  are  obtained  by  intercepting  all  of  the 
constant  height  curves  and  noting  the  corresponding  distances.  The 
end  results  of  this  procedure  are  shown  in  Figs.  A-l  to  A-7  in  which 
contours  of  constant  field  are  plotted.  The  figures  are  identi- 
fied only  by  the  sea  state  but  it  should  be  understood  that  all 
of  the  parameters  identified  in  the  printouts  are  implied. 

A.  5 SOME  CONCLUSIONS 

The  contours,  despite  some  scatter  of  data  point,  show  great 
regularity  and,  as  expected  at  the  indicated  frequency,  show  also 
only  small  dependence  on  the  sea  state.  To  be  more  specific  let 
us  compare  the  field  strengths  at  various  sea  states,  zero  heights 
and  (an  arbitrary)  reference  distance  of  50.  km.  The  comparison 
is  shown  in  Table  A-l. 


66 


TABLE  A- 1 . COMPARISON  OF  CONTOURS  AT  VARIOUS  SEA  STATES 


Sea  State 

Field  Strength,  pV/m 

Difference,  db 

0 

0.222 

0 

1 

0.187 

1.476 

2 

0.161 

2.794 

3 

0.140 

4 . 003 

6 

0.098 

7.030 

9 

0.038 

15.526 

The  comparison  would  indicate,  at  the  specific  heights  and 
distance,  a relative  decrease  in  field  strength  of  approximately 
1.5  dB  per  sea  state  (or  5.  knots  in  wind  velocity).  Surprisingly, 
this  regularity  extends  well  beyond  the  sea  state  which  can  be 
justified  by  the  theoretical  considerations. 

The  contours  shown  in  Figs.  A-l  to  A- 7 afford  a quick  appraisal  of 
the  permissible  path  geometry  for  a prescribed  signal  strength. 
Unfortunately,  for  low  elevations  the  contours  tend  to  be  crowded 
and,  in  fact,  obscure  the  intercept  points  at  zero  elevation. 
However,  these  can  be  recovered  from  the  printouts.  For  example, 
the  intercept  point  for  SS  = 0,  .1  pV/m  (zero  elevation)  can  be 
read  from  the  printout,  at  about  60.  km. 

It  should  be  noted  that  most  (but  not  all)  data  points  were 
obtained  at  reception  points  below  the  horizon.  This  is  quite 
fortunate  for  the  computer  fields  are  then  truly  radial  (i.e., 
locally  vertical).  This  is  not  the  case  with  the  line-of-sight 
paths  where  (1)  further  decomposition  of  the  field  strength  may 
be  necessary,  and  (2)  the  elevation  pattern  of  the  monopole  must 
be  considered.  A modification  of  the  program  to  enhance  its  LOS 
prediction  capability  is  quite  possible  but  must  await  a future 
opportunity. 
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FIGURE  A- 2 CONTOURS  OF  CONSTANT  FIELD  STRENGTHS 
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FIGURE  A- 5 CONTOURS  OF  CONSTANT  FIELD  STRENGTHS 
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FIGURE  A- 6 CONTOURS  OF  CONSTANT  FIELD  STRENGTHS 
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FIGURE  A- 7 CONTOURS  OF  CONSTANT  FIELD  STRENGTHS 
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APPENDIX  B 

PROBABILITY  OF  OVERLAP  VERSUS  EPIRB  DUTY  CYCLE 


For  the  purposes  of  this  analysis,  it  is  presumed  that  the 
probability  of  EPIRB  detection  must  be  very  high,  say  99.991,  over 
the  first  15  or  20  minutes  of  transmission.  We  will  assume  that 
during  this  interval  the  EPIRB  transmits  40  times.  Now,  the  re- 
ceiver analysis  of  Section  5 indicates  that  a probability  of 
detection  of  90S  in  the  absence  of  overlap  and  with  the  EPIRB  at  a 
range  of  roughly  20  nm  is  a reasonable  design  goal.  This  means 
that  in  order  to  achieve  99.991  probability  of  detection,  the 
EPIRB  transmission  must  be  received  at  least  4 times  out  of  40 
without  overlap. 

B.l  DUTY  CYCLE  CONSIDERATIONS 

Figure  B-l  depicts  the  transmission  overlap  situation.  In 
particular,  it  is  assumed  that  the  desired  signal  duration  and  the 
interfering  signal  duration  are  identical.  However,  the  times 
between  retransmissions  are  different.  The  probability  of  no 
overlap  of  the  desired  signal  by  one  interferer  is  given  by 


T rr  , - T 

off  b on  a 

Prob.  of  no  overlap  = T rr  b + T 7 
1 off  on  b 

But,  it  is  assumed  that 

T = T 
on  a on  b 


(B-l) 


(B  - 2) 


and,  the  duty  cycle  of  the  interferer  is 
6,  = ^on  b 

D -r  + T 

' off  b on  b 


(B-3) 
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FIGURE  B-l.  THE  OVERLAP  PROBLEM 
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Prob.  of  no  overlap  =1-26, 


(B-4) 


and 


Prob.  of  overlap  = 1 - (1  - 2 6^)  =26^ 


(B-5) 


One  of  the  objectives  of  the  EPIRB  system  design  effort  is  to 
provide  reliable  EPIRB  detection  performance  when  up  to  4 EPIRBs 
are  transmitting  simultaneously.  Using  Eq.  (B-4)  it  is  easily 
found  that  the  probability  of  no  overlap  of  the  desired  signal  by 
interferers  B,  C,  or  D in  Fig.  B-l  is  given  by 


Prob.  of  no  overlap 


(1 


2 6b)(l  - 2 6c)(l 


2 6d) 


(B-6) 


and 


Q = Prob.  of  overlap  = 1 


(1  - 2 6b)(l  - 2 6c)(l  - 2 6d) 

(B-7) 


The  system  will  meet  is  performance  objective  provided  that  four 
or  more  of  the  transmissions  of  the  desired  signal  are  not  over- 
lapped by  one  of  the  potential  interferers,  B,  C,  or  D.  We  can 
compute  the  probability  of  at  least  four  unoverlapped  transmis- 
sions out  of  40  transmissions  using  the  following  expression: 

Prob.  of  less  than  4 "no  overlap"  transmissions  out  of  40  trans- 
missions = 


q"  0 ♦ 


40  ! 


NO  x ' 3911!  Q~  ‘ ' 38!  2!  x ^ ' 37!  3! 

(B-8) 

For  clarity  we  first  assume  that  all  the  interferers  have  the  same 
duty  cycle,  = 6c  = fid  = 5 • ^sing  Eq . (B-6),  (B-7),  and  (B-8), 

the  probability  of  less  than  4 "no  overlap"  transmissions  out  of  40 
is  calculated  as  a function  of  the  interferer's  duty  cycle.  The 
results  are  shown  in  Table  B-l. 


P + 


40! 


r Q38  p2 


40  ! 


78 


TABLE  B-l.  PROBABILITY  OF  SUBSTANDARD  DETECTION  PERFORMANCE 
VS.  DUTY  CYCLE 


6 = Duty  Cycle  of 

Interferers 

Prob.  of 

Poor  Performance 

6 = 0.1 

4.24  x 

9 

10 

0.15 

8.27  x 

10 

0.2 

1 .64  x 

io~2 

. i 

10 

. 1 

10 

0.25 

2.46  x 

0.3 

7.48  x 

0.35 

0.978 

0.4 

0.999 

6b  = 0.25, 

6c  = 0.15, 

6d  = 0.0625 

4.54  x 

10'] 

6b  = 0.25, 

6 =0.15, 

c 

6,  = 0.15 
d 

5.69  x 

10" 

The  table  clearly  shows  that  there  is  a rapid  onset  of  poor 
performance  when  the  duty  cycle  of  the  interferer  is  in  the 
vicinity  of  201.  Moreover,  the  table  shows  that  if  the  duty  cycle 
of  the  interferers  is  less  than  10%  there  is  no  chance  that  less 
than  4 transmissions  out  of  40  from  a given  EP1RB  will  be  over- 
lapped by  any  of  the  other  three  EPIRB  transmissions.  Table  B-l 
also  shows  the  more  complicated  case  in  which  the  duty  cycles  of 
the  3 potential  interferers  is  not  the  same.  Here  again,  good  per- 
formance will  be  achieved  as  long  as  the  duty  cycles  of  the  poten- 
tial interferers  is  less  than  20%  on  the  average. 

The  discussion  of  this  section  shows  that  the  system  can 
provide  adequate  performance  with  4 EPIRBs  operating  simultaneously 
provided  that  the  duty  cycles  of  the  3 interfering  EPIRBs  is 
roughly  20%  or  lower  and  that  the  duty  cycle  of  the  desired  EPIRB 
signal  is  high,  i.e.  roughly  50%.  Figures  B-2  and  B-3  show 
candidate  duty  cycle  patterns  for  the  EPIRB  system.  These  patterns 
are  easily  generated  using  low  cost  digital  logic  in  the  EPIRB 
system.  The  pattern  of  Fig.  B-2  begins  with  a duty  cycle  of  40%. 
This  duty  cycle  remains  for  the  first  400  seconds  (6.66  minutes). 
Then  the  duty  cycle  is  reduced  to  25%  and  this  persists  for  the 
next  640  seconds.  The  duty  cycle  is  reduced  at  regular  intervals 


79 


until  it  reaches  a level  of  4%  after  9 hours.  In  the  system  of 
Fig.  B-2  this  low  duty  cycle  would  be  maintained  for  the  rest  of 
the  24  hour  transmission  time.  The  design  of  Fig.  B-2  assumes  a 
transmission  time  of  10  seconds  per  transmission.  Following  the 
pattern  of  Fig.  B-2  the  EPIRB  would  transmit  40  times  in  roughly 
25  minutes.  This  corresponds  to  the  assumptions  used  above  in 
the  overlap  analysis.  The  pattern  of  Fig.  B-3  can  be  generated 
using  the  same  hardware  as  that  used  to  generate  the  pattern  of 
Fig.  B-2.  It  is  important  to  note  that  at  this  point  that  the 
hardware  is  sufficiently  flexibile  that  a wide  variety  of  duty 
cycle  patterns  could  be  generated  using  the  same  hardware.  The 
two  patterns  of  Fig.  B-2  and  B-3  are  given  as  illustrative 
examples.  In  Fig.  B-3,  the  duty  cycle  begins  at  50%  and  is  re- 
duced to  25%  after  13.65  minutes.  The  duty  cycle  is  reduced  at 
regular  intervals  until  it  reaches  0.0625  after  6.37  hours.  It 
is  assumed  that  this  duty  cycle  is  then  maintained  for  the  rest 
of  the  24  hour  transmission  cycle.  The  system  of  Fig.  B-3  employs 
a 12.8  second  transmission  time.  Thus,  the  transmission  is  re- 
peated 40  times  in  roughly  20.5  minutes.  Again,  these  parameters 
correspond  closely  to  those  assumed  in  the  overlap  analysis. 
However,  the  overlap  analysis  shows  that  for  reliable  detection 
in  under  20  minutes,  the  final  duty  cycle  need  not  be  reduced  much 
below  20%.  By  reducing  the  final  duty  cycle  below  10%  as  shown 
in  Figs.  B-2  and  B-3,  more  rapid  detection  of  an  EPIRB  is  assured, 
and  less  battery  power  is  required. 

The  test  phase  of  the  EPIRB  design  effort  indicated  that  a 
typical  transmission  sequence  could  proceed  as  follows:  Each 
transmission  would  begin  with  2 seconds  of  alternating  1300  Hz  - 
2200  Hz  tones  on  channel  16.  Transmission  on  channel  15  for  15 
seconds  would  follow  the  channel  16  transmission.  Then  a 2 
second  transmission  on  channel  16  would  terminate  the  sequence. 

Thus,  total  ON  time  per  transmission  is  19  seconds.  Total 
time  on  channel  15  would  be  15  seconds.  The  unit  could  be  imple- 
mented to  provide  a 50%  duty  cycle  on  channel  15,  at  first.  (That 
is,  the  total  transmission  cycle  would  be  30  seconds.)  Then 
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FIGURE  B-2.  EPIRB  VARIABLE  TRANSMISSION  RATE 
16  CYCLES  EACH  REPEATED  16  TIMES 
10  SECONDS  ON;  15  + jlS  SEC.  OFF 
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FIGURE  B~4 . DUTY  CYCLE  PATTERN  BASED  ON  U.S.C.G.  SAR  STATISTICS 


following  the  same  algorithm  assumed  for  Fig.  B-3,  the  EPIRB  would 
provide  the  transmission  pattern  shown  in  Fig.  B-4.  The  charac- 
teristics of  this  pattern  are  summarized  in  Table  B-2. 

TABLE  B-2.  DUTY  CYCLE  PATTERN  "A" 


Duty  Cycle 

Rate 

Duration 

Cum.  Time 

S(H 

2/min . 

16  min. 

16  min. 

2 5% 

1/min . 

32  min. 

48  min. 

16.66® 

40/hr. 

48  min. 

96  min. 

12.51 

30/hr. 

64  min. 

160  min. 

M 1 
O 

o 

©\° 

24/hr. 

80  min. 

240  min . (4  hrs . ) 

8.331 

20/hr. 

96  min. 

336  min.  (5.6  hrs.) 

7.14% 

17.1/hr. 

112  min. 

448  min.  (7.5  hrs.) 

6.25% 

15/hr. 

- 

24  hrs. 

This  pattern  provides  a very  high  duty  cycle  for  the  first 
16  minutes  during  which  time  the  SAR  vessels  get  under  way.  Coast 
Guard  data  indicates  that  in  SO®  of  all  incidents  the  rescue 
vessel  will  be  on  the  scene  in  2 hours  or  less.  At  this  point, 
the  duty  cycle  is  12.5°0,  i.e.,  transmission  for  15  seconds  every 
2 mins,  on  channel  15  and  2 transmissions  of  2 seconds  each  every 
2 minutes  on  channel  16.  After  8 hours  of  operation,  the  duty 
cycle  has  been  reduced  to  6.25°  (15/hr.)  and  it  remains  at  this 
level  until  the  end  of  the  24  hour  life  of  the  transmission.  This 
duty  cycle  is  designed  to  conform  to  data  that  shows  that  the  SAR 
vessel  is  on  scene  within  2 hours  50%  of  the  time,  in  6 hours  951 
of  the  time  and  in  8 hours,  over  99%  of  the  time. 

Figure  B-4  also  shows  a second  reasonable  duty  cycle  imple- 
mentation which  conforms  to  available  U.S.G.C.  SAR  statistics. 

The  characteristics  of  this  pattern  are  shown  in  Table  B-3. 
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TABLE  B-3.  DUTY  CYCLE  PATTERN  "B" 


Duty  Cycle 

Rate 

Duration 

Cum.  Time 

26.31 

1 . 05/mi n . 

30.4  min. 

30.4  min. 

15.8% 

37.9/hr. 

101.3  min . 

131.7  min.  (2.2  hrs.) 

8.8% 

21.1/hr. 

364.8  min. 

4.6% 

11  .1/hr. 

- 

24  hrs. 

Patterns  "A"  and  "B"  are  quite  similar  in  the  region  from 
1000  sec.  to  30000  secs.  (8.27  hrs.).  The  differences  between 
the  two  patterns  occur  at  the  beginning  and  the  end  of  the  duty 
cycle  patterns.  Both  satisfy  the  general  constraints  of  the  EPIRB 
multiple  access  requirement.  Namely,  the  duty  cycles  are  less 
than  201  most  of  the  time.  However,  the  duty  cycle  pattern  of 
Table  B-3  is  the  one  recommended  for  implementation.  It  is  the 
simplest  of  all  those  considered,  and  the  changes  in  the  pattern 
correspond  most  closely  to  the  available  statistics  on  time  to 
rescue . 
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